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SUMMARY
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The ability of lubricants of the same viscosity to provide
adequate lubrication for surfaces in relative motion (lubricity) ,can
widely vary. Under boundary lubrication conditions fluid films of
poor lubricity, can break down giving rise to contact. Contact
results in wear, which under severe conditions, can damage the moving
components beyond repair. The special case of an aircraft, axial-
piston, fuel pump has been studied for this project.

The pump consists of steel pistons running in cadmium plated
aluminium bronze bores lubricated by aviation kerosene of variable
lubricity. Seizure occurs in the pump if the fuel lubricity is poor
but protection is afforded by the inclusion of an additive in the
fuel. The latter is not universally accepted by the operating
companies so the project not only aims to determine the mechanism of
failure of the pump but also the mechanism of protection by the
additive.

Boundary lubricated wear was simulated using a flat-faced pin-
on-disk machine and friction and wear rate measured for bronze sliding
aga%nst steel for various fuels. wear rates of between 1077 and
10-0 mm> mm~' were found and, although the additive has an initial
pro-wear effect, very low wear could be obtained when the additive was
present.

The wear pins and disks, samples from a pump simulation rig (the
Lucas two-piston rig) and from 'in service' pumps were analysed. The
physical analytical techniques used, in this part of the work,
included scanning and transmission electron microscopy, X-ray powder
diffraction, electron probe microanalysis and Auger spectroscopy.
This analysis has shown that the aluminium content, of the bronze,
plays an important role, in the seizure mechanism, by diffusion to
the steel surface. The additive prevents seizure by preferential
corrosion of aluminium from the bronze, thus preventing its transfer
to the steel. Similarities between laboratory, intermediate test
rig and 'in service' experience have been found by using this
analytical approach.

Finally a new theory has been instigated to predict wear rates

under conditions of boundary lubrication where oxidation is
occurring.
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CHAPTER 1

INTRCDUCTION

Lubrication is a means of reducing friction and wear in the
moving components of machinery. It is not always the case that these
moving components can be lubricated by a lubricant specifically
designed for that purpose. In these situations the lubrication
afforded by the fluid is of sepondary importance.

A variety of lubricants have been used in bearings other than
oil. Molasses have been used in sugar mill bearings, liquid
sodium in nuclear reactor pumps and water for bearings in electric
pover generators. Avoiding contamination of the product being
manufactured, environmental conditions and reduction in firerisk are
factors which have determined the use of these fluids as lubricants.

Problems arise from using the process fluid as‘the lubricant.
For example, the liquid sodium used in reactor pumps is highly
corrosive. Another example is the pumping of low viscosity
aviation fuels to jet engines which can result in failure of the
pump due to the poor lubricating properties of some fuels. The

latter problem is the subject studied for this dissertation.

1.1 The Lucas Axial Piston Pump

A description of the design and running conditions of a Lucas
Aerospace aircraft fuel pump will serve to illustrate the different
types of lubrication regimes which can exist between surfaces in
relative motion and problems that can arise from the composition of
the lubricant.

The main features of an axial piston pump are shown in the

diagrammatic section on plate I (courtesy of Lucas Aerospace). The
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pump has & swashplate, the angle of which can be adjusted, to vary
the stroke of the pistons. FPistons are menufactured from KE961 steel
which is a high carbon (1.45-1.65%), 13% chromium steel. The piston
slippers push against the swashplate and are lubricated by fuel oil.
As the rotor is rotated the pistons are successively driven down into
the cadmium plated aluminium bronze bores. The bronze (DTD 1974
aluminium bronze) consists of 10% aluminium, 5% nickel, 5% iron with
the remainder copper. On the return stroke the pistons are forced
back against the swashplate by a spring and the pressure of the
incoming fuel. The surfaces between the pistons and bores are
obviously in relative motion and, during this motion, they are
lubricated by the fuel which is being pumped. Simple harmonic
motion is performed by the pistons relative to the bores while the
pump is running. The pistons reach & maximum velocity when half way
through the stroke and will be instantaneously at zero velocity at
each end of the stroke. This range of speeds can produce various

lubrication conditions between the pistons and bores.

1.2 Lubrication Regimes

1.2.1 Fluid Film Conditions

This condition is produced when the sliding velocity is
relatively high and the load relatively light. In the case of the
fuel pump it might be expected to prevail when the piston is at its
maximum velocity (figure 1.7a) which is at mid stroke. The precise
conditions under which fluid film conditions occur will also depend
on temperature and pressure, because of the dependence of viscosity
on these parameters, on the geometry of the sliding systém (a wedge
shape being necessary for the production of a hydrodynamic f£ilm)
and on surface topography. The film thickness normally exceeds

10-6 M end is many times thicker than the surface roughness.



1.2.2 Elastohydrodynamic Conditions

These conditions arise because of high pressures when the
surfaces may deform (figure 1.1b) in order to maintain a complete
fluid film between the surfaces. The lubricant viscosity rises
considerably in the high contact pressures and further assists the
formation of effective fluid films. Film thickness is between

4670 apd 107" i in thie came.

1.2.3 Mixed Lubrication

Mixed lubrication arises when the film thickness is between

8 and 10'6 M. Fluid film and elastohydrodynamics represent

5 x 10°
gituations where the surface are kept apart by the lubricant and so
no wear can occur from contact. In the mixed lubrication regime
(figure 1.1c) intermittent contact can occur between the surfaces
resulting in wear. In this case some fluid film is always maintained
between the surfaces and this will arise, for example, as the piston

slovs toﬁards the end of the stroke. Film thickness is about

5 x 10"8 to 10-6 M for the mixed lubrication regime.

1.2.4 Boundary Lubrication

This type of lubrication occurs under conditions of low speed
and high loads. If, in the pump, high side loads are experienced at
the end of the stroke, where the speed is low, then boundary
lubrication conditions will occur. Good boundary lubrication arises
when metal-to-metal contact is prevented by the adsorption of polar
molecules onto the surfaces (figure 1.1d). The effectiveness of a
boundary lubricant is dependent on the manner in which the molecules
are attached to the metal surface. This can occur in three ways
namely i) physical adsorption in which a weak electrostatic

interaction occurs between the electrons of the adsorbing molecule
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and the metal nucleus, ii) chemical adsorption in which the outer
shell electrons of the metal and adsorbing atoms interact, and
iii) chemical reaction occurs above some reaction temperature and
involves elements such as sulphur, chlorine, phosphorus and zinc.
The latter elements are often compounded into mixtures which are
called extreme pressure additives. The surface films formed by
these elements are of the order of 5 x 10-9 to 10-8 M thick.
Variation of coefficient of friction with a dimensionless
parameter, which is a2 function of load, speed and lubricant
viscosity, is shown in figure 1.2. The various lubrication regimes
can be identified with different parts of this Stribeck curve as

shown in the diagram and given by Dowson (1).

1.3 Lubricity
The term lubricity applied to fluids has been used throughout

the thesis, this has been defined by Dukek and Vere (Z2) in the
following way. "If two liquids, A and B, have the same viscosity
but under the same operating conditions A gives less friction or
wear than B, then A is said to have better lubricity".

The questions now arise as to what components of an aviation
fuel impart good lubricity characteristics and how fuels of poor
lubricity are produced. Good lubricity was thought, by Appeldoorn
and Dukek (3), to be imparted by high molecular weight aromatics in
the case of steel-on-steel test equipment. Vere (4) suggests that
the fully saturated hetrocylic sulphur coﬁpounds impart good
lubricity properties and that they are more active than the heavy
aromatics.

Modern jet engines require fuel of high thermal stability, to
quote Johnson and Shamblin (5), '"thermal instability of present day
Jjet fuels is primarily a problem in gum and sediment formation.

Gums and sediment arise from hot compounds of sulphur being
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deposited and this causes problems with orifices and narrow tubes.!
Stability is obtained during refining and conseguently new methods
vere introduced so that the fuel specifications could be achieved.
Originally fuels were produced by acid treating and by copper
sweetening, the former uses sulphuric acid, and the latter oxygen
and copper chloride, to reduce sulphur content. Hydrotreating was
introduced to produce the high thermally stable fuels reguired by
modern aircraft. This process leads to the production of what are
commonly called hydrofined fuels. Another process currently being
used to produce stable fuels involves oxidation of mercaptans
(sulphur compounds) and is called the 'Merox' process but the
hydrotreating method is more efficient and economical. All these
processes are more fully described in the petroleum processing
handbook (6).

Hydrotreatment resulted in many of the good lubricity
components of fuels being removed during refining, in particular
the mercaptan and aromatic content was reduced (3). Since most of
the compounds removed are polar in nature there will be little
remaining in the fuel to protect the surfaces when operating under
boundary lubricating conditions. These compounds are removed so that
only very low concentrations remain but the addition of quantities
up to about 15 parts per million (p.p.m.) by volume of polar
compounds have been found sufficient to restore lubricity to fuels
(4). The addition of the corrosion inhibitor Hitec ES515 (Edwin
Cooper Ltd.) was found to be of particular benefit (4).

At this stage it will be advantageous to describe a little of
the aviation fuel specification terminology. Figure 1.3 shows the
various types of aviation fuels as given by the Royal Aeronautic
Society and Institute of Petroleum (7). The fuel types, AVCAT,

AVTUR, AVTAG and AVGAS (with the American equivalents JP5, JETA,
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JP4 and JET B) are the joint service designations for the particular
fuel specifications (8) as given by the procurement executive of the

Ministry of Defence.

1.4 The Lubricity Problem

The problem of poor lubricity was first experienced in 1965 when
test pump failures were experienced (9). Effects of poor lubricity
were not confined to piston pumps or the particular, cadmium plated,
aluminium bronze -~ steel metallurgy of that pump. Sticking of fuel
system control valves was in fact the first recorded field problem
and that involved a steel-on-steel metallurgy (10).

Aird and Forgham (9) describe the first fuel pump failure which
occurred in 1966 and then dezl with a number of incidents which took
place in the period from 1966 to 1969 inclusive. In most cases the
failures involved hydrofined AVTAG and AVTUR fuels apart from one
occasion in 1969 when an acid treated fuel was involved. The
failures which occurred during 1968 involved some pumps with a
silver plated bronze-steel metallurgy but in general failures over
the period were cadmium plated bronze-steel systems.

L later report (11) states that three pump failures occurred
during 1972 and that this had risen to eleven duriné the first
quarter of 1973, all of which occurred on commercial aifcraft.
Finally Vere et al (10) report that the original problem of control
valve sticking re-occurred in 1974.

Typical lubricity failures of piston pumps are shown in Flates I
and II (courtesy of Lucas Aerospace). These pumps are of the
cadmium plated bronze-steel metallurgy. A number of steps were
taken to alleviate the problem, but there has been no general
acceptance, by the operating companies, of any particular solution.
Some operators opted for a change in metallurgy from camium plated

bronze to carbon lined steel rotors. Conversion of all pumps to this
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PLATE II - AXIAL PUMP LUBRICITY FAILURE

TOP: PISTON

BOTTOM: ROTOR



ABOVE: A PISTON AFTER 1ST. 50 HOUR ENDURANCE (60333)
BELOW: No. 3 BORE AFTER 1ST. 50 HOUR ENDURANCE (60334)

Lucas Aerospace
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metallurgy, however takes time considering the number of pumps in
service. An alternative was found in the use of the corrosion
inhipitor Hitec E515 (formerly Santolene C) to improve the
lubricity of fuels (12). The additive is used in fuel at the rate of
12 p.p.m. (10) and consists basically of dilinoleic acid (a polar
compound) and an ester of orthophosphoric acid (13). Although
approved for use, Hitec E515 is not mandatory for use in fuels used
by civil aircraft operators. Some operators have been concerned
about the possible deleterious side effects. The phosphorus
component may induce a high temperature corrosion phenomenon on
engine turbine blades. The additive may also effect electrical
conductivity, water separating characteristics and thermal stability
of fuels (14). Finally some of the fuel manufacturers have
introduced a new refining process called the "Merox'" process in
which mercaptans are removed or converted to the disulphide state (6).
Vos (14) expects the development of a hydrogen cracking process to
be used to revalidate heavier fractions of the crude oil
distillation and that this will produce fuels of very poor
lubricity. Consequently although the "Merox" process has been
introduced hydrotreating plants are still in operation and so fuels
of poor lubricity are still being produced by the oil companies.
Published data suggests that changing the refining process may in

fact not be a solution to the lubricity problem (9, 15).

1.5 Research,and Monitoring of, Fuel Lubricity

The main aims of the companies associated with the production
and use of aviation fuels has been to rank fuels according to their
lubricating ability, to detect Hitec E 515 in fuels and to
determine chemical compounds which impart good lubricity properties

to the fuel.
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1.5.1 The Lucas Dwell test

Most workers interested in fuel lubricity have, at one time or
another, used the dwell test to try and rank fuels (10, 16). The
method measures friction between a flat-faced aluminium bronze pin
rubbing against a steel disk. The dwell number is the number of
revolutions of the disk required for the coefficient of friction to
attain a value of O.4 when a fixed amount of the test fuel is evenly
distributed over the disk to a thickness of 0.166 pm. A high dwell
number indicates & fuel with good lubricity properties and a low
dwell number a poor lubricity fuel.

Between the testing of each fuel sample a stringent cleaning
of the disk is carried out and the cleanliness of the disk is
checked by use of a reference fuel (generally Shell sol.T). If the
disk does not meet the reguired clealiness (indicated by a dwell
number less than 50 for the reference fuel) then relapping is
carried out using diamond paste.

Aird and Forgham (9) claimed that the dwell test was suitable
for inclusion in a fuel specification but Bishop and Howells (17)
object to this on the grounds of poor repeatability. In reply Aird
and Forgham (18) say that the results fall to within I 50% of the
mean which is acceptable for differentiating between fuels of good
and bad lubricity since the dwell numbers lie in the range 50 to
1000.

A large number of factors have been attributed by various
workers (10) to the variations found with dwell number. These
include final boiling point of the fuel and naphthalene, alkalene
and high molecular weight compound content of the fuels. Humidity,
polishing and cleaning techniques also have been found to influence
the results.

The numerical value of the dwell number has been found to be
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independent of load and contact area but dependernt on the test
procedure and on the origin and history of the test rig.

Generally the test has been observed to give a poor response
to the additive Hitec E515 and in some cases could only be detected
relative to the base fuel (a2 sample of which is not always

available for this type of testing).

1.5.2 Ball-on-cylinder tests

In 1967 Appeldoorn and Dukek (3) carried out tests using a
ball-on-cylinder machine in which they measured friction, wear and
metallic contact. The system used was steel on steel with a
roughness of 0.254 to C.3 uM (10-12 p inches) c.l.a. compared to
0.0254 pV¥ c.l.a. of the steel pistons in the pump considered in this
work. Viscosity, %olatility and hydrocarbon type along with trace
components of organic acids, sulphur and nitrogen compounds were
investigated to determine their effect on lubricity. They found
that lubricity was dependent on polar compounds and this was
substantiated by work with additives. Emphasis was placed on the
role of aromatics in improving lubricity. The claim that
aromatics improved lubricity was questioned by Johnston (19). He
cites work by Kirchkin et al (20) in which it was shown that anti-
oxidant and metal deactivating additives may be important. Further
he suggests that sulphur and nitrogen compounds are important.

The benefits of using a ball-on-cylinder machine for
evaluating jet fuel lubricity was shown by Tao and Appeldoorn in
1968 (21). Their tests were claimed to detect as little as 5 p.p.m.
of additive and effects due to atmosphere. The exclusion of
oxygen and water greatly reduced wear and scuffing. The ability to
work at high temperatures with small fuel samples and a good

correlation between the wear measurements and field experience were
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aspects claimed to favour the use of this type of machine. The ball
and disk are submerged in a bath of the fluid under test so that
only a small sample of fuel is required for the test. Shayeson (22)
points out that debris in the fuel may affect the results obtained
from the tests.

Results from a more detailed investigation, into the role of
aromatics and atmospheric conditions, have been given by Appeldoorn
and Tao in 1968 (23). This work shows that paraffins exhibit low
wear in dry inert atmospheres with high wear in wet oxygenated
conditions. Aromatics scuff easily in dry inert atmospheres but
improve with additions of oxygen and water. The best lubricity
characteristics were shown to occur with a mixture of 30% aromatics
(1 = methyl naphthalene) in 70% paraffin (white oil). Essentially
the aromatics have a synergistic effect with the paraffins but
have poor lubricity characteristics when tested alone. This
behaviour of aromatics could not be explained and it was concluded
that the metal surfaces nor the atmosphere was directly involved.
As pointed out by Podolsky (24) this last statement conflicts with
the data produced. He also disagrees with another of their
conclusions, that '"the heavy aromatics are the most probable
lubricity agents", on the grounds that extreme pressure properties
of the oils and the structural-group fraction (naphthene-paraffin
and aromatic) separated from them, is very similar. 1In reply to
these criticisms (25), Appeldoorn and Teo cite their earlier work
(3) and restate their finding of improved lubricity with aromatic
content.

Further work has been carried out in 1970 by Suresh et.al (26)
using a ball-on-cylinder device. Steel disks were used with a
surface finish of 0.2 to 0.254 pM c.l.a. (8-10 p inches) with what

appears to be a "once through" fuel supply system. They concluded
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that the anti wear properties of fuels was not directly related to
viscosity, volatility or aromatic content which is in contradiction
with the work of Appeldoorn et al (3, 21, 23, 25). Work at Shell
Research (10) did "not disagree" with that of Suresh et al (26).
Nandy et al (27) showed the difference in lubricity between fuels
produced from different crude oils. A crude, heavy in sulphur and
sulphur compounds was found to produce a very poor lubricity fuel,
presumably from excessive hydrotreatment (the process used on these
crudes). The addition of stearic or oleic acids, recognised
boundary lubricants (28), and Hitec E515 were all found to improve
lubricity.

In 1974 Anitotri et al (29) used a ball-on-cylinder machine to
show that dilution of poor lubricity hydrotreated fuels with
conventionally refined fuels is not sufficient to restorelubricity.
This result is in direct contradiction to Vere (30) who found that
the addition of ten percent of chemically treated fuel to hydrofined
fuel restored lubricity to a satisfactory level. '"In service"
experience would tend to support this view.

Several lubricity improving corrosion inhibitors were tested by
workers at the Air Force Wright Aeronautical laboratories in the
United States. All the additives were found to be effective in JP-4
and JP-5 fuels. No correlation could be found for the effectiveness
of the additives at 24°C with the effectiveness at 6500. It was
suggested that Hitec E515 may function as an extreme pressure
additive at high temperatures. Finally they conclude that "although
the relative lubricity of fuels can be examined with the ball-on-
cylinder, the relationship between wear scar diameter and fuel
lubricity has not been firmly established". This was substantiated

by the use of statistical analysis.
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1.5.3 Pin-on-disk and Pin-on-cylinder Tests

Vere (4, 10, 30, 31) used a omforming pin-on-steel cylinder
machine to investigate lubricity. The pins were phosphor bronze
plated with either silver or cadmium apparently to simulate fuel pump
metallurgy although the pump is in fact cadmium plated aluminium
bronze. Problems were found with plating in that it tended to peel
off the pin rather than wear in the expected manner. This was
particularly true with the cadmium plating. The work showed the
increase in wear due to hydrotreatment and Vere's graph comparing
fuels is reproduced here in figure (1.4). Additive influence on
lubricity was also investigated and metal deactivators and anti
oxidants appeared to have no effect on lubricity in contradiction to
Kirchkin et al (20). Improvementsin lubricity were observed when a
corrosion inhibitor was used at the 2000 p.p.m. level. This
concentration was calculated to give a monolayer coverage of the
apparatus and tubing.

An attempt to isolate and identify lubricity agents, with the
aid of thin layer chromatography and mass spectrometry, was made
s0 that the problem could be understood. Polynuclear aromatics and
fully saturated sulphur compounds (e.g. thiahydrindane and
thiadecalin) were extracted and identified. The latter seemed to be
the more active lubricity agents and thiahydrindane was synthesised
so that it could be added to a severely hydrotreated fuel (4). A
significant increase in lubricity was found with the addition of
150 p.p.m. to the fuel.

Work carried out in industry (10) produced a test which could
differentiate between fuels of different lubricity. Aluminium bronze
was worn against steel and the wear scar measured every twelve
minutes for a load of 0.1 kg.

Sulphur compounds of the type found in jet fuels were shown to
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be pro-wear with a good extreme pressure action. Polynuclear
aromatics, aromatic nitrogen compounds and oxygen compounds,
especially carboxylic acids improve lubricity.

An oil company (10) found that Hitec E515 was pro-wear with some

fuels anéd diéd not improve the anti-seizure properties significantly.

1.5.4 Other mechanical tests

The four-ball machine has been used by a2 number of workers to
investigate lubricity (3, 21, 23, 26). Generally it has been found
too severe to descriminate the anti-wear properties of jet fuels.
This is particularly true at elevated temperatures and in humid air
scuffing occurs at 0.5 kg load. Appeldoorn and Tao (23) used a
L-ball machine to find seizure loads and concluded that scuffing was
not the result of a reaction between the fuel aromatic content and
the metal surface.

4 comparison between the results obtained from the four ball and
the ball on cylinder machines, under different atmospheres was made
by Appeldoorn et el (32). They found that oxygen and water vapour
increased wear and that for steel on steel an oxidative wear
process was occurring. A rphosphate ester was tested and the wear
rate was then found to be independent of the atmosphere. This is of
particular interest when considering the wear properties of Hitec
E515 which contains an ester of orthophosphoric acid. These results
were also found using ball-on-cylinder, micro-Ryder and vane pump
tests.

Fuel volatility appeared to have an important influence on the
results obtained from the 4-ball machine, with wear increasing with
volatility. In this work Klaus and Bieber also showed that low
volatility (high boiling point) polar impurities reduce wear when

added to a volatile hydrocarbon fuel (33). The presence of oxygen
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in the lubricant molecules was found to reduce the pro-wear influence
of dissolved oxygen.

Ryder gear tests have been found satisfactery for testing
aviation fuel lubricity (3, 21). rcblems arise from contamination
of the test fuel with oil from the non-test gears. A micro-Ryder
rig, loaded with air pressure, to avoid the above problems was found
to be unable to differentizte between fuels of differing lubricity
and repeatability was poor.

Vane pump tests showed the effect of the aromatic concentration
very strikingly (23) and results obtained from this pump agree with
those from the four-ball and ball-on-cylinder (3). The device was
also sensitive to additives. McHugh (34) points out, however, that

the vane and ring do not give the same wear pattern.

1.6 The detection of Hitec in Hydrotreated Fuels

None of the mechanical tests apart from actual pumps, give a
satisfactory indication of the presence of Hitec E515 at the
concentration specified for fuels. A result of this is that some
effort has been used to try and find alternative methods of
detecting this, and other similar, additives.

One technique which comes to mind is chromatography of which
there are several variaticns. Thin layer chromatography has already
been mentioned in the review of Vere's work (4). The large number of
components making up a kerosene fraction has been shown by Mitra et
al (35). Some ninety-one components eluted from the column some of
which were not identified.

A technique of extracting the dimeric acid component of Hitec
ES515 from aviation fuel was developed by Hillman et al (36). The
extract was then analysed using gel permeation chromatography for

identification. A method was developed that allowed an acceptably
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precise quantification with a relatively short period (about 1 hour)
using a simple bench top gel permeation chromatography instrument.

Another method for the determination of Hitec E515 was
developed by Blok et al (37). Note that they refer to Hitec as
Santolene C. The dilinoleic acid is extracted chemically from the
fuels to give a sufficient sample size for anazlysis. This process
tends to extract naphthenic acids as well as the dimer acid so the
two are separated by ligquid chromatography which must be carried out
with care.

Potentiometric tritation identification of the low concentration
of Hitec in Jjet fuels requires an initial sample size of 3 kg which
is quite large. An alternative to this is to react the extract with
methylene-blue which can then be compared to a set of standard
colours or analysed using an absorptiometer. The latter technique
requires only 200 ml of fuel but takes some 4 to 5 hours to carry out.

A flow microcalorimeter similar to that used by Groszek (38)
has been adapted by Smith (39) in an enthalpimetric approach to the
lubricity of aviation fuels. The heat evolved when polar components,
present in a fuel, were adsorbed or desorbed from a solid-liquid
interface was measured. This was achieved by measuring temperature with
thermistors. Alumino-silicate was used as the adsorbent.

It was found that the amount of heat evolved was dependent on
the type of refining process. This heat arose from oxygen and
sulphur compounds and aromatics and olefins. Although some
correlation was found with wear tests, as far as ranking fuels with
respect to lubricity is concerned, the method was found to be
relatively insensitive to low concentrations (14 p.p.m.) of Hitec

E515.
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1.7 Additives

It has already been pointed out that one possible solution to the
lubricity problem is the addition of certain types of compound to
jet fuel in order to restore lubricity. DNormally this type of
additive is included with a package of other additives which have
various functions such as anti-oxidation, anti-sludging, anti-wear
and anti-icing (8, 40). Often these additives are manufactured as
a 'package' and then added to the fuel.

Hitec E515 is not the only additive capable of improving
lubricity. During the course of this work a number of other corrosion
inhibitors were approved for use but Hitec E515 has in the past been
the only approved additive (8) and remains widely in use in the
industry. A detailed study of these additives (and others not yet
approved) has been attempted (11).

Some work is currently being carried out by Dacre et al (41) to
determine the effectiveness of various components of Hitec E515 in
improving lubricity. They have used radioactive tracer techniques to
plot adsorption-desorption isotherms for fatty acid components on
iron, steel, cadmium and aluminium bronze. Dimer acid is considered
to be the most important component and adsorbs in multilayers onto
the surfaces. A synergistic effect was found to arise between the
dimer acid and the base solvent (n-hexadecane in this case).

Further the dimer acid was shown to be very tenacious even at high
temperatures (80 and 100°C) where little desorption occurred.

Finally a new addive, Hitec ES80, has been recently introduced
in which there is no phosphate ester component. Little is yet known
about this additive but it appears to be as effective as Hitec E515

in the role of lubricity improvement and as a corrosion inhibitor.
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1.8 Theoreticzal Considerations

Wear can be described as "abrasive', adhesive ('"severe'") or
"corrosive” (or "mild" or oxidational). Theory for boundary
lubricated adhesive wear has been developed by Kingsbury (42, 43)
and later by Rowe (4l4) based on the wear equation developed for
adhesive wear under dry sliding conditions.

An expression for adhesive wear under dry conditions has been
developed by a number of researchers. Holm (45) determined that the
wear rate might be related to the real area of contact when
considered on an atomic scale. Aggregates of atoms forming wear
particles were introduced by Burwell and Strang (46) in a development
of the law to account for wear debris size. The idea of interacting
asperities, as a cause of large fluctuations in friction (termed
stick-slip), was proposed by Bowden and Laben and related to
adhesion (47). Subsequently Bowden and Tabor (48) reported that
adhesion was largely responsible for frictionm.

Archard (49) considered a hemispherical asperity rubbing against
a flet plane and then used the same argument to develop a wear
equation for multiple asperity contacts. The equation showed that
wear rate was proportional to the real area of contact when measured
as volume of material removed per unit sliding distance. The constant
of proportionzality was termed the 'K' factor. Archard interpreted
the 'K-factor' in the following way. If K = 10-3 then one in every
103 contacts produces a wear particle, so K is in fact the
probability of producing a wear particle (5C). In 1956 Archard and
Hirst (51) had carried out a large number of wear tests, with
various metallic combinations, to demonstrate that the wear equation
could be obtained empirically and apply over a wide range of metals.

Most metals will undergo oxidation and so Quinn (52) obtained

an expression for the K-factor in terms of oxidational parameters
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resulting in a form of Archards wear equation applicable to
oxidational wear. .

Kingsbury (42, 43) introduced the concept of the fractional
film defect to take into account the action of a lubricant. This
parameter represents the fraction of the rezl area of contact which
is prevented from coming into contact by the presence of a lubricant,
Starting with the wear equation proposed by Burwell and Strang (46)
end Archard (49), Rowe (44) used Kingsbury's fractional film
defect to obtain a2 wear equation for a boundary lubricated system.
Boundary molecule size, the fundamental time of vibraticn of the
boundary molecule and the heat of adsorption of the particular type
of boundary molecule were found to be factors on which wear depended.
The theory,as such, took no account of the lubricant in which the
boundary type molecule was dissolved,so Rowe attempted to account for
this by the introduction of two fractional film defects, one for the
boundary molecule, the other for the base solvent (53).

Another theory, by Sakurai et al (54), is based on the critical
pressure of hydrodynamic lubrication and the probability that a
metal-to-metal contact will occur and result in a wear particle.
Gupta et al (55) presented an equation relating wear scar diameter
to carbon number from an empirical approach to the wear of aviation
fuels.

It has been suggested by Beerbower (56) that most of the above
models (and others) are consistent but that their coverage is often

limited to specific conditions or systems.

1.9 Program of Research carried out in this investigation

Work carried out by the companies and interested parties has
been directly concerned with finding a rapid solution to the

original problem and then an attempt to monitor fuel lubricity.
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The effects of the components of the fuel and atmospheric conditions
have been studied in some depth. Little attention has been paid to
the manner in which the metals wear. This would seem to be a serious
gap in the knowledge of the problem since the metals are an integral
part of the system and,in the final analysis, it is they which cause
the failure. Consequently an understanding of how the metals wear in
the presence of hydrofined fuel and a similar fuel containing a
corrosion inhibitor would be beneficial.

In view of the fact that the ranking of fuels, according to
their lubricating ability, has.been deemed important most of the
tests have been carried out under specific conditions of load and
speed. No data is available about the variation of wear rate with
load for the aluminium bronze-steel system. TFurther, in the tests
carried out there have been problems with detecting the presence of
Hitec E515 and, even when it has been detected, its effect has
appeared to function in a2 manner diametrically opposite to the fuél
pump experience.

Emphasis has also been placed on producing a rapid test (15 to
20 minutes) which could be included in a fuel specification. This
has meant that with such short tests the wear mode has probably had
insufficient time to become established. The particular case of the
dwell test ignores wear altogether and is based on friction
measurements. However the fact that wear measurements correlate with
pump experience better than friction measurements has been shown by
a number of workers.

Consideration of these points led to the basic program of wear
tests and analysis. The aims were thus: 1) to obtain wear rate
against load curves for hydrofined fuel with and without Hitec E515,
2) to run the tests for a sufficient duration in order to establish

wear under conditions of boundary lubrication (or otherwise in the
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case of fuel without additive) and 3) to analyse the worn surfaces and
wear debris from selected tests once the wear pattern was known.
Surface finish and fuel type were to be monitored and friction and
temperature measurements were also to be made although less emphasis
was to be placed on these parameters.

This approach to research is favoured by Wilson and Eyre (57) who
reason that metallographic changes should be analysed by physical
techniques in order tc obtain a better understanding of the
mechanisms involved with the wear process in a given situation.
Consequently it was hoped that in this way mechanisms for the failure
of the fuel pump and for its protection by Hitec ES515 could be
elucidated.

Phillips et al (58) have demonstrated the usefulness of Auger
electron spectroscopy in Tribological work and this technique was
thought to be applicable in this case. The technique is surface
sensitive (order of a few angstroms) and so is ideal for the study
of the thin 'boundary' films expected to be present on the surfaces.
Combining this with electron probe microanalysis and scanning and
transmission electron microscopy would, it was hoped, give good
insight to the processes occurring on the surfaces during wear.

To ensure that the surface analysis results, obtained from the
daboratory specimens, were consistent with those obtained from
aircraft fuel pumps samples from é pump simulation rig, and actual
fuel pumps, were to be analysed with the same techniques.

Finally a theory, based on the experimental evidence, will be
developed. It was hoped that this would be a firm basis which could
be modified to account for future experimental results thus leading
to a theory which could be used to predict wear rates when aluminium
bronze wears against steel in the presence of aviation fuels under

boundary lubricated conditions.



CHAPTER 2

EXPERIMENTAL DETAILS

2.1 Introduction

The experiments can be divided into two main sections.
Experiments were carried out to measure parameters which might
indicate the lubricating ability of the fuels studied. This
involved measuring friction, wear rate, contact resistance and
temperature. These tests provided samples for analysis in the second
group.

The second group of experiments was to analyse the worn
surfaces, the wear debris and fuels. The emphasis was placed on the
analysis of the worn surfaces for which techniques such as Auger
electron spectroscopy, electron probe microanalysis and scanning
electron microscopy were used for this purpose. Samples for analysis
came from three main sources (i) failed aircraft fuel pumps,

(ii) a piston pump simulation rig and (iii) a2 Denison wear test

machine.

2.2 The Lucas Two-Piston Rig

The failed aircraft pump samples had been stored for some years.
Consequently it was necessary to produce lubricity failures which
could be analysed, as soon as possible, after the failure to be
certain that there were no storage effects. Running a pump to
failure would have been expensive and it would have been difficult to
obtain bore samples suitable for analysis. To overcome these
problems Lucas Aerospace designed, built and operated a pump
simulation rig, the main features of which are shown in figure 2.1.

The rig consisted of a rotor having to extractable bores diametrically
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cémplate
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Figure 2.1 Lucas Two—Piston Rig.
Courtesy —Lucas Aerospace.
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opposite. These bores were made from the standard production
metallurgy of cadmium plated aluminium bronze and the pistons were
production KE 961 steel.

Tests were carried out with hydrofined 2494 aviztion kerosene of
expected low lubricity. It was this type of fuel which had produced
the aircraft fuel pump failures so the two-piston rig would be
expected to seize. After these tests a similar fuel with a standard
addition of 15 p.p.m. of the corrosion inhibitor, Hitec E515, was
tested in the rig with the expectation of no failure. These fuels
were re-circulated to reduce the quantity required for a particular
test to sbout 65 dar. Piping used for the rig was stainless steel.
Prior to starting a test the system was flushed out with hydrofined
kerosene for cleaning purposes.

Operating conditions were chosen to simulate aircraft take off
conditions and so give an accelerated test and reduced the running
time. Take off conditions would be the most severe conditions
experienced by the service pump and so would be the most likely to
produce a failure. This involved using the maximum camplate angle
which represents the maximum stroke, and hangout from the bores, of
the pistons resulting in the maximum side loads on the pistons. The
maximum camplate angle of 15.5° could be manually preset. A further
feature of the rig was that fuel was pumped into the test pump, at a
pressure which could be varied, by a slave pump. This pressure was
selected to be about 12.5 MN M-z which is the approximate maximum
pressure experienced in this type of aircraft fuel pump on take off.
To prevent excess damage to the rig if seizure occurred the drive
shaft was fitted with a shear pin.

The parameters measured during each test were the inlet and
outlet fuel temperatures (to the test pump), pressure, main fuel

flow rate and cooling flow rate. The temperatures were measured with
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copper-constantan thermocouples. It was hoped that by measuring
these parameters some change might indicate imminent failure of the
test pump, for example increased outlet temperature. Piston and bore

dimensions were monitored before and after testing.

2.3 Denison wear tests

A Denison T62 Tribotester was used for laboratory experiments.
This machine (see Plate III) consists of a flat faced pin-on-disk
configuration. The disk can be rotated, with speeds in the range
100 r.p.m. to 6000 r.p.m., by a continuously variable d.c. motor. A
boundary lubricated mode of wear was to be simulated on this machine
and to obtain this simulation reciprocating motion (as found in the
fuel pumps) was not necessary. Loads of between 0.5 Kg and 20 Kg
could be applied to the wear pin by using a sprung loaded weight pan.
The latter was used to prevent shock loading of the wear pin. Again,
since boundary lubricated wear conditions were to be simulated, no
atterpt was made to simulate the pump loadings (see appendix I for
the calculation of loadings in a fuel pump). The wear pin was held in
2 brass holder which was electrically isolated from the lever type
load arm by a tufnol insert. The 2:1 ratio load arm was then counter
balanced. The complete load arm assembly could be moved so that a
number of wear track positions could be used on the disk.

A recirculation system was used to apply fuel to the disk.
Glassware was used for the majority of the system but Vinescol 23
6 mm diameter rubber tubing was used where flexible connections were
required. This type of tubing was selected because it does not
contain plasticisors. Consequently nothing would leak out from this
tubing and contaminate the fuel. Actual pumping was by a Watson-
Marlow peristaltic pump, through one micron filter paper into a

constant head tank above the disk. This enabled a steady and constant
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flow to be maintained at a rate of 20 ml Min~). Fuel was pumped from,
and returned to, & two litre storage tank. Note that for the above
flow rate a two hour test would require 3.6 litres for the fuel to be
circulated once.

Table 2.1 gives a materials specification for the DTD 197
aluminium bronze and HE 15W duralumin used for the wear pins and the
KE 961 steel equivalent, KE 180, used for the disk. The only

difference between these two steel materials is that KE 180 does not

TABLE 2.1 MATERIALS SPECIFICATION

DTD 197A HE 15V KE 180
Copper Aluminium Iron
Nickel L-6% Copper 4.5% Carbon 1.45-1.65%
Aluminium 8-11% Manganese 1.5% Silicate 0.4=0.6%%
Iron 4-6% Manganese 0.3-0.5%
Zinc O.5% Max. Chromium 12.5-13.5%
Manganese 0.25% Max. Sulphur 0.04% Max.
Silicate 0.25% Max. Phosphorus 0.03% Max.

contain the 6.5 to 0.75% Tungsten that KE 961 contains. The use of
KE 180 was enforced because of the size requirements of the disk

(KE 961 is not manufactured in sufficiently large diameter bars). Two
disks were manufactured by Lucas Aerospace in a manner similar to
piston production. This involved stress relieving and hardening and
tempering with demagnetization. The disk face was then lapped to a
flatness of two light bands (0.635 pM) with a surface finish better
than 0.0254 pM the latter being equivalent to the piston surface
finish. In one case the roughness was increased to 0.0635 pM. The

dimensions and tolerances on the disk are shown in figure 2.2 (a).
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Lapping was generally carried out with diamond paste and shellsol T
(a paraffinic o0il unlikely to contaminate hydrofined kerosene with
any lubricity improving compounds). Some later lapping of the disks
was carried out with diamond dust and shellsol T to aveoid introducing
lubricity improving compounds from the diamond paste.

Generally the pins were used with the surface finish as turned
on the lathe. However some pins were used after polishing the wear
surface with various grades of silica-carbide wet or dry paper. For
polishing purposes these pins were mounted in a quick, cold setting,
acrylic resin mounting plastic (Northill Plastics Ltds., London N16
6BP). All the duralumin pins were used without polishing. The
details of the dimensions and tolerances for the pins are shown in
figt‘:re 2.2 (b). Most of the pins were made with a 3mm diameter flat
wear surface, which was considered a reasonzble dimension to give
suitable wear rates and sufficient area for surface analysis. A
small number of pins were made with 2 2 mm diameter in order to

increase the load per unit area for one series of wear tests.

2.4 Test Fuels

In this work four main groups of lubricant were used namely
2, 2, 4 trimethylpentane, shellsol T, Hydrofined 2494 Kerosene and
Hydrofined 2494 Kerosene with additions of the corrosion inhibitor
Hitec E515. The first of these lubricants, 2, 2, 4 trimethylpentane
(iso-octane) was used as a reference fuel since it contains no
aromatics, sulphur, phosphorous or nitrogen ccmpounds. Hence one
would expect this fluid to be of low lubricity. The main problem
with using trimethylpentane was its difference in viscosity, about
b ox 107 NSM™2 compared with about 1072 NSM™® for kerosene at room
temperature.

A replacement reference fluid used was shellsol T which was the



_35—

reference fluid used in the Lucas Dwell test. This agein was expected
to have poor lubricity properties.

Obviously the best reference fuel would be a highly refined
kerosene from which the lubricity agents had been removed. One of the
best methods of ensuring that one such fuel was available, was to
filter some hydrofined kerosene through a column of 13%: alumina
catalyst (synclyst brand 34). This catelyst removed lubricity
improving compounds from the fuel . In a few cases dry nitrogen was
bubbled through the fuel to try and reduce any effects which might
erise from water.

Finelly tests were carried out using fuels containing various
concentrations of the additive Hitec E515. This included a
commercial sample of hydrofined 2494 fuel with 15 p.p.m. of Hitec
E515 added by the suppliers as for aircraft usage. Other test fuels
were made up iﬂ the laboratory by mixing 7.5, 15, 30 and 50 p.p.m. of

Hitec, by weight, with alumina catalyst filtered hydrofined kerosene.

2.5 Friction and wear measurements

wear measurements were made by using & linear displacement
voltage transducer of C.5 mm stroke (sangmo Weston Controls Ltd.,
N6 BR Minature A.C. gauging transducer with in line oscillator/
demodulator unit). The transducer was held against a flat plate
attached to the load arm so that as the pin wore, and the load arm
moved, the displacement was continuously recorded on a chart recorder
along with the frictional force. The wear transducer calibration was
checked, using a Universal measuring instrument which can be set to
an accuracy of 0.25 pM. The transducer power supply voltage was set
at 12.5 volts for this calibration which is shown in figure 2.3.

Friction measurements vere made by using a resistance bridge

type strain gauge load cell (Pye-Ether Dynamometer type UF2) with
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ranges of C.5 to 5 Kgf full scale deflection. The sensitivity of
the amplifier was adjusted when the load cell was staticzlly loaded
by the use of a pulley and weights. In this way the chart recorder
could be calibrated to give a direct reading of coefficient of
friction.

A check on the drift of the friction and wear transducers
showed that it was negligible after an initial warm up period as
shown in figure 2.4. Assuming that once the pin had run-in there
were no errors in measuring wear from misalignment then the speed
of the disk could be held to within = 5 r.p.m. Further the radius
where the pin contacts the disk was measured to the centre of the
pin so this gave an error or 2 1.5 mm for the edge of the pin.

However it could be set to an accuracy of C.1 mm itself.

2.6 Measurement of Thermal E.M.F.'s, Contact Resistance and

Caggcitance

The system of aluminium bronze sliding against steel provided
the opportunity of measuring thermal e.m.f.'s generated between
the copper and iron in these materials. The dynamical thermocouple
method developed by Furey (59) was consequently adopted for this
system. Electrical connections were taken from the pin holder, and
through a carbon brush connection from the disk to thé load arm. The
contact resistance between the pin and disk was measured using a
universal bridge type TF2700 (Marconi Instruments) and found to be
3.8 N under static conditicns and about 1.5 Q) under dynamic
conditions for a dry contact. Applying kerosene to the disk
increased the dynamic resistance to 12 Q) with a capacitance of
600 PF at 300 r.p.m. The leakage resistance and capacitance between
the pin holder and load arm were found to be 5.3 x 10° and 53 FF

respectively. Furey found, in his work, that short duration high
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temperature spikes could be detected. Assuming that these spikes last
for the period during which asperities are in contact then t = 2a/v
where 'a' is the radius of an asperity and v the linear speed of the
disk. Taking 'a' to be about 10-2 mm and the maximum speed to be
about 2.5 MS-1, t would be about 4 x 10-6 seconds. Consequently any
amplifier design had to detect 20 pV signals at a frequency of ImHz
from a low impedance source. Czichos et al (60) suggest that the
pulse rise time for a contact is about 0.1 p seconds for boundary
lubricated conditions.

A suitable amplifier for this purpose was found to be an F.E.T.
input device (R.C.A. CA3140E operational amplifier) with a full
power badnwidth of about 1 mHz, slow rate of 9V/pS and input noise
of 12 to 40 nV (Ez)-%.

The input was expected to be of the order of 20 p V per degree
centigrade so a gain of 3C would give an amplifier output of

1. For a temperature of 200°C this would give an output

0.6 mv °C”
of 120 mV which is sufficient for detection with the oscilloscope.
The complete circuit, with standard frequency compensation and null
offset, is shown in figure 2.5 (a). Note that metal oxide resistors
and cermets were used to reduce noise from the passive components.
The frequency gain for this amplifier circuit is shown in figure 2.6
for a gain of 30 and a 10mV sine wave input from a 600 Q) source.

The amount of drift with time on the scope for the output of
this circuit is shown in figure 2.7. The oscilloscope was triggered
externally so that & single shot of the output of the thermocouple
amplifier, for one revolution of the disk, could be displayed. This
was done using a magnet, mounted on the drive shaft, passing a
magnetic tape head the output of which was amplified before passing

into the single shot circuit. These circuits are shown in figure

2.5 (b).
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The thermocouple amplifier was nulled with the zero off-set and
the output set to zero for the input open and short circuit
conditions. Temperature calibration was obtained from a junction
formed by aluminium bronze and KE 961 steel. Since wires of these
materials were not commercially available strips had to be turned
off rods. This was not an easy task since the bronze tends to be
brittle. The junction was heated and the temperature monitored
along with the output from the amplifier. The temperature was
measured with a cambridge portable potentiometer bridge type 4hL22A
with an accuracy better than I 1%, The calibration curve is given
in figure 2.8.

The TF2700 bridge was also used to measure contact resistance.
The bridge was connected across the pin and disk and an oscilloscope
used to detect its output. The bridge output was an 0.4V peak-to-
peak sine wave which was fully displayed when no contact occurred.

If there was contact then a truncated form of sine wave was displayed.

2.7 The wear test procedure

The procedure for each series of wear testing will now be
described. Prior to starting each test it was important to ensure
that the wearing components and all other surfaces which came into
contact with the test fluid were thoroughly cleaned. Typical
cleaning procedures used by other workers are listed in Table 2.2.
In this work the pins and disks were given an initial clean in a
vapour bath using shell SBP2 petroleum ether. After this they were
given a short ultrasonic clean in shellsol T. Further before the
actual test a sample of the test fluid was circulated around the
rig and then thrown away. The glass ware was cleaned with
concentrated nitric acid and also in the vapour bath. Note that

the components put in the vapour bath reached the desorption
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Wherever possible tubing was replaced

between series of tests with additive and tests without additive,

also two constant head tanks were available.

TABLE 2.2 OF CLEANING TECHNICUES USED IN THE STUDY

OF THE LUBRICITY OF AVIATION FUELS

CLEANING AGENT RESEARCH GROWP | p* COMMENTS
Acetone-Propanol USAF Wright 11
Petroleum Ether Pattinson
Isopropyl Alcohol (IPA) Edwin-Cooper 10 Not satisfactory
(Anular Grade)+Carbon
Ultrasonics + Organic L Improved
Solvents + Decon " Results
Heated Disk (150°c) in Unsuccessful
Hydrotreated Fuel "
IPA + Ultrasonics (1hr) . Reasonable
Hot IPA (150°C) " Poor Results
Methyl IsoButyl Ketone Much Better
+ Ultrasonics 4 than I.P.A.
Etch in Nitol =
IPA + Carbon Lucas 10
Acetone-Methanol-Toluene leeds University 10 Poor with
Additives
Disk Polish with Aqueous
Suspension of Alumina ” Improvement

Care was teken in the assembly of the test pieces so that no

contamination was introduced at this stage.

Alignment of the pin and disk was achieved by means of a spirit

level on the load arm.

After a run-in period of about 20 minutes

initial experiments were carried out with the test fuel to determine

operating conditions for the wear tests.

This involved plotting a
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Strikbeck type curve, which was done by using & single load and
measuring the friction force for a number of speeds. Fein (61) has
objected to this type of plot and suggested that the whole curve
could be generated from elasto-hydrodynamic conditions. To check
that this was not so the contact resistance, between the pin and
disk, was monitored during these tests.

Having obtained information on the best operating conditions
to achieve boundary lubrication wear tests were carried out under
these conditions. Each test was run with a new wear pin on a new
wear track on the disk. Most tests were carried out at a constant
linear velocity of C.62 HS-1 although one series of test was done
by changing the velocity with constant loads of 5, 1C and 12.5 Kg.
Again the initial wear-in period was between 20 and 30 minuteé. The
wear tests lasted on average 60 to 120 minutes depending on the
amount of wear occurring.

Some short duration wear tests of about 20 minutes were carried
out for loads of 2.5 Kg to 15 Kg, in steps of 2.5 Kg, at a constant
speed. For these tests one pin was used and one wear track the load
being periodically increased. These tests were carried out for the
poor lubricity fuels and in cases where the disk roughness was
higher than normal. This was possible since under these conditions
a reasonable wear rate could be measured in these time intervals.

The weight of the wear pins was measured before and after each
test so that the wear rate could be calculated from weight loss.

Eight tests were carried out on each disk after which they were
relapped to remove the wear tracks. Various lapping compounds were
tried, the best being either diamond paste in shellsol T or diamond
dust in shellsol T. After each lapping a centre line average (c.1.a)
talysurf was carried out to check that the required surface finish

had been obtained. Examples of the talysurfs for different
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polishings carried out are shown in figure 2.9.

Other wear tests were carried out whilst bubbling dry nitrogen
through the fuel to see if there were any effects due to water.
However since nitrogen compounds mey form lubricity improvers this
was only done for a limited number of tests.

Tests were alsc carried out to find the variation in wear with
concentration of additive. Starting with a hydrofined fuel a test
was run and then 5 p.p.m. Hitec added and the test continued. The
concentration was then made up to 15, 30 and 40 p.p.m. This was
repeated for 15, 20 and 4C p.p.m.

Finally some dry wear tests were carried out during which
temperature measurements were taken as in the case of fuel samples.
In the wear tests the wear rate was calculated from the

equations.
Wear Rate = 0.0141AX mdmm!
R O At
Where AX is the displacement measured directly from the chart
recorder output of the displacement transducer, R the disk radius
at which the test is carried out{ithe disk speed in r.p.m. and At

the duration of the experiment.

Also wear rate = AM menm
120 1T pPVvAt

where AM is the pin weight loss, p the pin material density,

v the linear speed of the disk and At again is the test duration.

2.8 Sample Analysis

A study of boundary lubricated wear can be divided into three
main sections, namely, the two rubbing surfaces, the wear debris and

the lubricant. Most of the analysis in this work was carried out on
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the two rubbing surfaces and in particular on the zluminium bronze

wear pins.

2.9 Auger Electron Spectroscopy

Two things suggest that a surface sensitive technigue would be
useful for studying the surfaces worn under these boundary lubricated
conditions. The first is that the active components of the additives
in lubricants form protective layers as shown by Allen and Drauglis
(62). Secondly the pistons from pumps run on hydrofined fuels show
thin layer deposits exist on them in the early stages of & lubricity
failure.

Auger electron spectroscopy (A.E.S) is & surface sensitive
technigue and was used in this case. A low energy electron beam is
used in this technigue to ionize surface atoms, subsequent
relaxation of the atom gives rise to Auger electron emission. The
process can be illustrated by the use of the electron shell model
of the atom. The incident beam removes an inner core K-shell
electron (fig. 2.10 (a)).

This results in ionisation of the atom with the K shell being
one electron defficient. Relaxation to a stable state can then
occur by say, an L shell electron falling to the K shell. This
means that the I shell will now be unstable and, consequently an
electron may be emitted from this shell. This emitted electron is
termed an Auger electron and the transitions occurring to produce it
is called a2 K.L.L. Auger transition (see figure 2.1C (b)).

Many other transitions can occur with other shells being
involved. The energy at which these transitions occur will be
specific to the atom which has been ionised, consequently that
particular atom can be identified by the energy of the Auger

electrons that it emits. Charts have now been produced which show
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the principal Auger electron energies for most atoms. Auger
electrons beirng emitted from & surface msy interact with other atoms
as they escape. This means that they may loose or gesin a small
amount of energy (a few electron volts) which results in plasmon
loss ané plasmon gain peaks. These peaks can be useful in
identifying oxides as shown by Suleman and Pattinson (63).

If the electrons, coming off the surface irradiated with a low
energy electron beam, are counted, ané & plot of number of
electrons collected against energy is made, then the Auger electrons
appear as small deviations on the secondary electron peak-figure
2.10 (c). However, if a plot of the differential of the number of
electrons collected with respect to energy is made then the Auger
peaks are well resélved as shown in figure 2.10 (d). This technique
then permits the identification of surface layer atoms.

The usefulness of the technique is increased by ion beam
etching the surface. The surface is bombarded by heavy ions of
Argon or Xenon and in this way surface atoms are removed. A
consequence of this is that depth profiles of the atoms present on
the surface can be obtained. Depth profiles can be plotted as Auger
peak-to-peak heights against depth or scme function of depth. Such
2 plot can be misleacding since it does not take into account the
relative cross-section for the particular Auger transition plotted.
Thus there may appear to be more of a particular element present
than actually exists. Some progress has been made by Chang (64)
towards a quantitative analysis for this relatively modern technigue.
The concentrations have been plotted against the product of sputter
depth and time of sputtering. The details of the quantification
carried out to determine relative concentrations and the
relationship between the product of sputtering current and sputter

time are given in Appendix II.
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2.10 (Operating procedure and sample preparation)

Some of the earlier samples analysed were removed from the wear
test machines and stored in hydrofined fuel or the test fuel. As
socn as the spectrometer was available these samples were given a
brief clean in the vapour bath. The samples were kept below the
desorption temperature of the additive during this cleaning. The
main purpose of the cleaning was to remove any weakly bound surface
contamination which may have resulted from storage. Iater samples
were stored dry in a dessicator and given a cold wash with acetone
before mounting. The spectrometer design and operation was such
that it was preferable if all workers mounted samples at & radius of
€5.25 mm. A mounting was designed to hold the wear pins as shown in
figure 2.11(a). Three of these were made to fit onto an existing
holder and were etched in a solution of 65% concentrated nitric
acid, 30% distilled water and 5% hydrofloric acid to avoid
contamination of the vacuum system. These holders were mounted onto
an existing main frame which could then be bolted into the system
(Plate IV). The system used for this work was a vacuum generators
model shown in plate V. Cnce the samples had been mounted the
system was pumped down to a vacuum of better than 10-10 Torr. The
ultra high vacuum was required to keer the samples clean during
sputtering and a vacuum of better than 10-9 Torr greatly reduces
the formation of carbonaceous deposits on the sample. Cut gasing
of the electron gun, ion gun, titanium sublimation pump and pressure
gauge filaments before starting the experiments was also necessary
to avoid contamination of the surfaces.

A 2KeV beam energy with an emission current of O.4mA
(0.2 mA on some later samples) was used as a compromise between a

higher beam energy, to obtain the high energy transitions, and a
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lower beam energy, to prevent damaging the surface films. This
produced & beam spot of about 1 mm diameter at the sample znd a
beam current of approximately 10 pi. The modulation voltage used
for detection was 3v peak-to-peak.

The initial setting up procedure involved the optimisation of
the differentiated peak of the elasticzlly scattered electrons -
to be referred to as the "elastic' peak. To obtain the optimum
elastic peak the angular position of the sample relative to the
hemi-cylindrical voltage analyser was adjusted. The electron beam
was then checked for focus and alignment to give the maximum
"elastic'" peak. The Auger spectrum was then quickly recorded on a
storage oscilloscope and any further adjustment made to the above
parameters to obtain a balance between the low and high energy
resolution on the spectrum. An initial spectrum was then output on
an X-Y plotter. Energy calibration was by assuming that the copper
920 eV and 940 eV peaks were in the correct position. It was
assumed that there would be an error p in the starting voltage and

that there were M eV mm'1

on the chart recording. For a starting
voltage of 30 eV and 700 eV the energies were scanned over a
"window" of 700 eV. The position of the two copper peaks then

gives

'+

700 H + 109.25 M 920

1+

700

&

B + 119.5M

assuming p is a constant gives

M = 1.95 eV om™ |

In fact the approximation of M = 2e‘u’/'mm-‘1 gave reasonable

results when identifying peaks from their energy.

Having taken the initial spectrum depth profiling was carried
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PLATE V AUGER ' SPECTROMETER
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out using mainly Xenon ion sputtering but, on a few occasions due to
systen operation for other workers, argon was used as the sputtering
ion. Xenon was preferred for sputtering since no difficulty is
experienced with surface layer formation.

A low background was thus required during sputtering to prevent
surface reacticns with reactive background species. Xenon was
allowed into the vacuum chamber through a bleed valve and sputtering
carried ocut at & Xenon pressure of 10-1+ Torr. The ion beam size was
of the order of 10-2M at the sample. After sputtering, during which
the ion current at the sample and the time of sputtering were noted,
the Xenon was pumped out and & spectrum immediately taken. Providing
the sputtering time was short all three samples were sputtered and
then a spectrum taken from each. For longer times each sample was
analysed individually to prevent background contamination occurring
whilst the other samples were being sputtered.

Experiments were also carried out to determine the effect of
changing the focus by defocusing the beam, changing the primary
beam energy by = 150 eV and also investigating different areas of
one sample. Changes in the shape of the "elastic! peak were also

observed.

2.11 Electron Probe Microznalysis

The technique of Auger spectroscopy analyses only surface
layers. Sputtering increases the thickness analysed by depth
profiling. However, even after long periods of sputtering, on the
present system, the total depth analysed was only of the order of

=10

typically 5 x 10 M. The Auger electrons themselves come from a

depth given by:

£ = 6855100 x ifE
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where E is the energy of the escaping Auger electrons. For the 60
and S20 eV copper huger electrons the escape depths are 5 x 10_1CH
and 20 x 10'1OM respectively. Thick oxide films can be more easily
analysed by the use of the electron probe. This technique has been
described fully elsewhere. Birks (65) presented a graph of
effective range against beam energy which is reproduced here in
figure 2.12. For the 10-?A current and 15KeV beam energy used in
this work the effective depth from which x-rays are detected can be
estimated using this graph. The depth works out to be 5 x 10_?N
which results in a relatively large volume being analysed compared
to the Auger system. Note that the Z2KeV beam used for the Auger
analysis results in a beam penetration of up to 2 x 10~ but only
Auger electrons produced in the very thin layer at the surface
escape, as illustrated previously. The use of the electron probe
also enabled x-ray distribution photographs to be tzken of elements
present on the surface. The one micrometer spot could also be
rastered along & distance of 100 pM to give line profiles of
elements present. The crystal type x-ray spectrometer allowed
scans of Bragg angle to be made hence permitting element
identification. This type of detector requires that the samples be
accurately set in position (to within ¥ 0.25 mm) for analysis.
Since the wear pins were a difficult shape for mounting in the
standard holder a special holder was made for them as shown in
figure 2.11(b). The samples were degreased in acetone before
mounting in the instrument. A small number of samples were taper

sectioned with a 10° angle so that the difference between the surface

layer and underlying aluminium bronze could be observed.

242 Microscopy

Three forms of microscopy have been used to monitor the

surface topography of wear samples.
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All the wear pins were analysed using & light reflection
microscope as soon &s the wear test was completed. The appearance
and colour of each pin was noted. Samples from the two piston rig
were also observed.,

Transmission electron microscopy was found useful for
determining the surface topography of the disks and wear tracks.,
Since the disks were too large to go into the scanning electron
microscope carbon rerlicas were made from the surface of the disk.
Shadowing was carried out with gold-palladium wire at an angle of
60°. Quinn (66) has illustrated the use of this technique, for the
analysis of wear surfaces in some detail so the diagrams in
figure 2.13 are included here as a brief summary of the technique.

Scanning electron microscopy was also used to look at samples
from all the wear surfaces. In the case of the two piston rig
pistons and bores, and the Denison wear machine disks, samples of
approximately 10-4 H2 were taken from these specimens. Note that
at the end of the major series of wear tests some further tests were
carried out, with hydrofined fuel and fuel with additive, to produce
a2 disk with wear tracks which could be sectioned for analysis in the
scanning microscope. This microscope also had a solid state
detector for x-ray analysis. x-ray‘distribution photographs, of
selected elements could be obtained along with an energy scan to
determine the elements present on the surfaces. Most of the analysis
was carried out using a 20 KeV beam and emission current of about
100 pA. The samples were generally set at an angle of 45° to the
beam. However sharper angles were investigated for the x-ray

analysis to see if the contribution from the bulk could be reduced.



= 6T =

\/ metal surface

%! 77 77 J’?—W; T 77 plaStIC Coating

f kst

v
WT.I—I&AE e i

o

S >
s //% heavy metal shadowing
w_//\_ plastic removed

electron beam

t /U\T e e
——/P\/rrephca
g

!

— e negative
Tdark

Tbright

Figure 213 Carbon Replicas



-2 -

2.13 Analysis of wear debris

wear debris from the pin=-on=-disk machine was in the form of a
very fine powder. A useful technique for analysis of this debris
is an x-ray powder method. The debris was collected and then washed
and separated from the kKerosene by the use of acetone and an
ultracentrifuge. It was then packed into a thin walled capillary
of 0.3 mm diameter which was then mounted at the centre of a
114.6 mm diameter powder camera.

Cobalt radiation provided a suitable wavelength, for sample
analysis, at 30 ma and 40 KeV for 15 minutes. An iron filter was
used to produce an adsorption edge for the radiation.

Semples from tests with 2, 2, 4 Trimethyl-pentane, hydrofined
kerosene and a reference aluminium bronze sample were analysed.
Cne sample was also taken from the bore of a lubricity failed two-

piston rig test.

2.14 Analysis of fuels

A small amount of work was carried out on the analysis some of
the fuel samples used in the Denison wear test experiments.

First of all gas-liquid chromsetography was used to analyse
selected samples. A 1.524 M by 6.35 x 10~2M column of Apezon was
used at a temperature of 127°C (400°K). After 26 minutes the
temperature was programmed at 5°C/min until a temperature of 195°C
was reached., The sample size used was 1 p litre. Three samples
were analysed, under instruction, at Lucas Aerospace. These were
& hydrofined fuel which was thought tc be free from additives,
hydrofined fuel containing 15 p.p.m. of Hitec E515, and a fuel which
had become discoloured due to storage.

Mass spectroscopy was also used tc look at samples of

hydrofined fuel, hydrofined fuel with 15 p.p.m. of Hitec and a
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sample Hitec E515. The test ccnditions using a vacuum generators
V.5.9 system were a L4 kV beam voltage, electron energy of 70 eV, a
trap current of 100 pA and trap pressure of 10-6 Torr. A number of
tests were carried out at temperatures of 50°C. 15000, 250°C and
BOOOC to see if the additive would distill off at higher inlet
temperatures. A few tests were also carried out using an 1.S5.10
instrument with a mass range up to 20C (compared to 40O for the
M.S.9). Operating conditions in this case was 50 pA trap current and
impeller voltage =0.1V. The trap pressure in this case was
o [ ‘I(}"I Torr and the inlet was initially pumped down to
5 x 10-1 Torr. Sample was admitted to the inlet system until the
pressure rose to 2.2 Torr. Final inlet was through a bleed valve.
Finally some experiments were carried out using the optical
technique of ellipsometry. A typical instrument arrangement is
shown in figure 2.1%., This method is more fully described in
Appendix III. Three sets of samples were prepared for analysis
namely a hydrofined fuel, a hydrofined fuel with additions of
Hitec E515 at room temperature and between 80 and 85°C and various
concentrations of this additive in hydrofined fuel. MNMost of this
work was carried out using silver plated slides of dimensions
10 x 20 x 2 mm. Silver was selected because it has good
reflectivity, does not form oxides easily and has easily obtainable
optical constants. Further tests were carried out by forming films
on KE 961 steel, DTD 197A aluminium bronze and aluminium. All
samples were throughly decreased in a vapour bath with petrol
before use in the experiments. The steel and bronze slides were
manufactured to the same surface finish as found in the fuel pumps.
These samples were left immersed in Hitec E515 for a period of one
week, at room temperature, to allow surface reactions to take place.

Silver plated slides were used to find the effect of temperature
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on the adsorption of the additive. Polariser and analyser readings
were taken for the clean slide which was then dipped into the
additive at 20°C. The slide was then withdrawn at right angles to
the surface so that a uniform film formed and excess fluid allowed
to drain off the surface. The polariser and analyser readings were
then retaken. Cne of these samples was then allowed to dry and the
readings were taken again. Similar measurements were then made for
slides heated to about 85°C in isopropyl alcohol.

Measurements were also made on silver plated slides for fuels
containing 100, 10, 1, C.1 and C.01% by weight of additive to see
if a 15 p.p.m. concentration could be detected.

Similar measurements were attempted with the various
metallurgies mentioned above. Two different ellipsometers were used
to make these measurements. The reference azimiths were ho, o4°,
184° and 274° for the polariser, 32°, 122°, 212° and 302° for the
analyser and 108° and 1980 for the quarter wave plate. The quater
wave plate was set at 153° and green light of wavelength 580L4% at
an angle of incidence of 61.5° was used for the measurements. The
reference azimiths for the ellipsometer used to mzke the
concentration variation measurements were 46.4°, 136.06°, 227.23°
and 316.43° for the polariser, 41.45°, 133.03°, 220.65° and
312.?3° for the analyser and the reference axes of the quater wave
plate were ?3.5°, 163.20, 253.4° and 343.45°. The quater wave

plate was set at 118° for these measurements.
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CHAPTER 3

EXFERINENTAL RESULTS

The experimental results presented here will be divided up into
sections similar to those used for the description of the
experiments. The results of the mechanical tests will be given
followed by the analysis. The latter will commence with the results
of the optical microscopy which was used to select samples for

detailed analysis with the more sensitive analytical technicues.

3.1 The Lucas Two Piston Rig

Measurement of pressure, flow rates and temperatures did not
give any indication of immediate failure. Wear debris, however, was
observed in the flow meter on the outlet side of the test pump. A
lubricity failure was produced using hydrofined fuel after 10 hours
running at 4000 r.p.m. and 12.41 MN 2 pressure. Testing with
hydrofined kerosene with 15 mg. .‘L:i_tre-‘1 of Hitec E515 greatly
reduced the wear. The failure test produced an increase in bore
size of up to 0.254 mm whilst testiﬁg with fuel and additive
produced 0.046 mm increase in bore size after twice the running
time. Pistons and sleeves from the rig are shown in FPlates VI,

VII, VIII illustrating failure and unfailed cases.

3.2 Denison wear tests

%3.2.7 Stribeck curves

The stribeck curves suggested that boundary lubrication
conditions occurred in the speed range 150 to about 600 r.p.m. with
loads of 2.5 Kg to 15 Kg which would be suitable test conditioms.

The curves were dependent on the surface finish of the dises. This
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is expected since an alternative plot of the Stribeck curve is
coefficient of friction against film thickness ratio which is defined
as the ratio of effective film thickness to the sum of the c.l.a.
surface roughnesses. This effect is shown in figure 3.1 for a
hydrofined fuel containing 15 p.p.m. of Hitec. This curve elso
shows that a very sharp transition, from mixed or boundary
conditions to full fluid film conditions, existed for the normal
piston surface roughness of better than 0.0254pM (figure 3.1(z)).
For the higher surface roughness disk the coefficient of friction
did not fall to the full fluid film value (figure 3.1(b)). Contact
resistance measurements confirmed that the curve represented
different lubrication regimes. A plot of contact resistance and
friction force against load shows this in figure 3.2. The curves
for the two reference fuels and for alumina filtered hydrofined
kerosene are shown in figure 3.3. The 2, 2, 4 trimethylpentane
curve has been corrected for the viscosity difference and shows no
tendency to fluid film conditions over the range considered. At a
speed of 2000 r.p.m. seizure occurred between the pin and disk. A
repeat of the measurements at the lower speeds again shows the
effect of surface roughness,the coefficient of friction being
increased. The Shellscl T curve shows a large amount of scatter
particularly at the onset of fluid film lubrication. Finally,the
curve for alumina catalyst filtered fuel shows a steady decrease in
friction coefficient, to a value of about 0.03,until at 2000 R.P.M.
seizure occurred. A similar fuel with the addition of 15 p.p.m. of
Hitec ES515 showed a similar result with a seizure occurring at
2500 R.P.M. Increasing the concentration of additive to 50 p.p.m.
produced a sharp fall in coefficient of friction, to about 0.001,
at a speed of 2000 R.P.M. The results for O, 15 and 50 p.p.m.
concentration of additive in hydrofined 24oL kerosene are shown in

figure 3.4.
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These results show a difference between two samples of
hydrofined kerosene with a nominal addition of 15 p.p.m. of Hitec
E515. This may be attributed to surface roughness effects,
additive concentration or to metallurgical effects as will be shown
later. However, it must be remembered that these tests were only
carried out to give an indication of the operating conditionms.
Consequently too much importance need not be given to the

‘differences between samples in these tests.

3.2.2 Reference fuel wear tests

Tests with 2, 2, 4 trimethylpentane reference fluid produced
quite a large amount of scatter. At 1.3 ms-‘I separate tests gave

2

values of 10"/ mm’ mn~ ' and 2 x 10~° o’ mm™? respectively for the
wear rate. For this fluid the wear rate was found to increase with
increasing speed, as shown in figure 3.5(a), for a 2 Kg load.
Friction was found to be reasonably constant and wear linear with
time except for the higher speed tests (2.67 ms-1) where some

sharp changes were found in the friction force and in the wear rate.
In this case the wear rate was found to be approximately linear over
the period of the test. At higher speeds seizure occurred between
the pin and disk.

A very large amount of scatter was found with the tests using
Shellsol T as shown by figure 3.5(b). The friction and wear were
found to be very irregular with large friction 'spikes' occurring
as shown in figure 3.6. Typically these 'spikes' lasted about 30
seconds with the maximum coefficient of friction being about 0.17
and the minimum at less than 0.02. Note that for dry wear the
coefficient of friction was about O.4. During the periods of high

friction the speed was seen to fall and in some cases seizure

occurred. Figure 3.6. also shows that, superimposed on the spike,
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there were oscillations which varied in amplitude. This amplitude
variation was particularly large as the friction was fzlling to the
lovwer value. Note also that there was a period of very steady
friction (about 8 seconds in figure 3.6) at the high value frictionm.
Once the coefficient of friction rose above a value of C.06 the
maximum value was rapidly reached in about 7 seconds. The fzll to
a low value occurred equally as quickly in about 5 seconds. The
period between spikes varied but after the run-in time it was
normally between twenty and thirty minutes.

Not all tests followed this mode of wear, in fact about 4O%
had high friction spikes while 35% had periods of steady friction
(p = .1) with periods of low friction and no wear. A further 21
had steady friction ending in seizure with the remainder only
showing a wear-in phase followed by no wear. Bubbling dry
nitrogen through the test fluid before and during the tests had no
observable effect.

The alumina catalyst filtered hydrofined kerosene produced
steady friction and wear. The wear rate against load curve for
0.62 m3-1 is shown in figure 3.7(a). During the tests there was
some severe stick-slip with loss of speed in some cases. A similar
series of tests with 2 x 10™° M diameter pins produced a similar
curve (figure 3.7(b)) and a seizure at 12.5 kg load. Again stick=-

slip was found to occur.

3.2.3 Wear tests with fuels containing Hitec E515

Figure 3.8(a) shows the variation in wear rate against linear
velocity for hydrofined 2494 fuel containing 15 p.p.m. of Hitec
E515. The wear rate is expressed in volume removed per unit
sliding distance. This graph shows that the wear rates, as
calculated from transducer and weight loss measurements, have good

agreement. For a constant load the wear rate was found to decrease
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with increasing speed until at some speed zerc wear resulted. The
roint at which zero wear occurred correlated with the fzl1 in
friction to a fluid film value on the Stribeck curves. The change
in slope between the 5, 10 and 12.5 kg curves indicate a transition
point on the wear rate azgainst load curve. The results of a series
of tests using loads from 2.5 kg to 15 kg at a speed of 0.62 ms-1
illustrate this last point and are shown in figure 3.8(b). It was
generally found that the friction remained at a constant value for
these tests and that the displacement was linear with time. In a
few cases there were periods of low friction (the coefficient of
friction being about 0.003 indicative of fluid film conditions) and
no wear. The wear followed the same pattern of linearity with time
in these cases. Vear rate was calculated from the time of contact
and wear, and not from the total wear test time, in these cases.
A similer series of wear tests were carried out on a disk of
0.06 pm roughness (compareé to 0.02 pm c.l.z.) and in both cases a
reduction in wear rate occurred at the higher loads (figure 3.8(c)).
For the higher roughness disk the wear rate is a maximum at a load
of & kg and for the lower roughness 12.5 kg. Some of the tests
which were carried out on the higher roughness disk were of short
duration (15 to 20 minutes) but the results from these tests were
found to be similar to the standard tests. In all cases the
frictional force remainssteady but some non linearity was observed
in the wear. Note that at the higher loads with increased roughness
the scatter in results became quite large. Reasons for this will be
discussed later.

The addition of 15 p.p.m. of Hitec to alumina filtered fuel
prevented seizure occurring at 12.5 kg load on a 2 x 1072 M wear
pin. In this case the transition point was not obvious,the wear

rate being similar over the entire range of loads. At the lower
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loads the effect of the additive appears to have been pro-wear
corpared to the hydrofined fuel tests. Fizure 3.9 shows this
corparison between the fuel with and without the additive for these
small dizmeter wear pins. DMore will be said about these differences
in the discussion chapter.

Table 3.1 shows the results of adding various concentrations

of additive to the fuel. Test 1 was the original zero concentration

Table 3.1 Concentration effects of Hitec E515

Test Concentration p.p.m. Wear Rate mm3 mm'1
1 0 B % 10'8

2 15 9.9 x 1078/0

3 30 0

N 15 0

5 7.5 0

6 0 7.03 x 1078

¢ 0 Bl X 10'8
IOAD = 10 kg  SPEED 0.62 ms™

wear test with alumina filtered hydrofined kerosene. After the
addition of 15 p.p.m. of Hitec the wear rate was observed to
increase (test 2). After a period of 90 minutes the wear rate then
dropped to zero. Increasing the concentration produced a zero wear
condition as shown by test 3. On dilution of the test 3 fuel to 15
and 7.5 p.p.m. it can be seen that zero wear still existed in test
L and test 5 showing 2 memory effect of the additive. The use of

additive free hydrofined fuel produced wear again (tests 6 and 7)
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with test € giving a result close to the original zero concentration

test.

3.2.4 Statisticel Analysis

The results which have been presented graphically have more
meaning when some idea of the spread of results is known. Table 3.2
shows the results of a statistical analysis on wear rate
measurerients from 10 kg load, O. 2 ms_1 tests with hydrofined fuel

with and without Hitec ES515.

Table 3.2 Statistical analysis of wear results

Sample Mean X Sample o Populationgy
Alumina filtered -7 B _8
hydrofined kerosene 1.22 x 10 €.9 x 10 ?2.32 x 10
+ Hitec
Same without Hitec 9.95 x 10“8 L.o4 x 10‘8 L.29 x 10'8

This analysis was based on 13 results from each sample and
assumes & normal distribution. Strictly this assumption cannot be
made with such a small sample size and so non-parametric statistics
should be used for the analysis. The results from this type of
statistic indicate that the distribution was in fact normal. The
result from this comparative type of statistic suggest that there
is little difference between the mean wear rates measured for the
two samples under the same conditions. Table 3.3 shows the

ranking of the results for the Wilcoxon test for the paired case.
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Table 3.3 Results for Non-parametric

statistical analysis

Vear Rate mm” ma '

15 p.p.m.Hitec O Hitec

X Y D= x—Y(xno‘S) Rank
9.9 x 10‘8 7.03 x 10‘8 2.88 5
1.42 x 1077 5.09 x 1070 9.16 7
7.63 x 10‘8 9.3 x 10‘8 -1.67 4
T:5% 1078 6.29 x 1078 1.21 2
7.5 % 10"8 8.79 x 10'8 -1.29 3
7.0 x 107 1.71 x 1078 -10.1 8
7.3 x 10‘8 7.34 x 10'8 -0.0k 3
2.4 x 1077 1.57 x 10~7 8.3 6
2.5 x 1077 1.29 x 1077 12.1 9

From this Table the probability of finding a sum of ranks among all
sums of negative D value ranks < 16 was found to be, for a two
tailed test, 2P = 2.34. This is then a measure of the significance

of the different wear rates measured for the two samples.

3.2.5 Subsidiary wear tests

The results of varying the initial surface roughness of the
wear pins are shown in figure 3.10. These results lie within the
scatter predicted by the statistical analysis on previous samples.
Consequently no firm conclusions could be drawn from these results.

Some tests carried out on & commercial hydrofined fuel not
containing Hitec produced a large amount of scatter and a friction

mode similar to the spikes found with the Shellsol T wear tests.
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The wear rate against load curves for two speeds, 0.62 and 1.24 ms—1

are shown in figure 3.11.

Figure 3.12 shows the results for dry wear tests carried out
with aluminium bronze wear pins. Even in these tests quite a large
amount of scatter was observed, as shown, but the general trend was
for the wear rate to increase with load until seizure occurred at 5 kg.

Finally the results for tests using duralumir wear pins are
shown in figures 3.13 and 3.14. Shellsol T and hydrofined 2494 both
produced seizure at a load of 12.5 kg. Addition of 15 p.p.m. Hitec
E515 prevented seizure occurring and, at a load of 2 kg the wear
rate dropped to zero after 2 short period. A fzll in wear rate was
elso observed for Shellsol T and hydrofined fuel at or below,this
load. For loads between 2 and 12.5 kg the wear rates were similar
for all three fgels, (see figure 3.13). Figure 3.714 shows the effect
of varying the éoncentration. Consecutive tests with O, 7.5, 15 and
30 produced a steady fall in wear rate with concentration but at
40 p.p.m. there was an increase in wear rate. A repeat of the
15 p.p.m. concentration then produced a higher wear rate and a test
at 20 p.p.m. concentration also produced a wear rate above what
might have been expected. This then again indicates a pro-wear

effect with aluminium present.

3.2.6 Temperature measurements

Measurements made under lubricated conditions showed no signs
of any high temperature spikes. In general the output was in the
range of 5 mV to about 20 mV representing temperatures of between 50
and 100°C. A reasonable average for these tests is about 75°C. The
temperature profile generally remained constant over one revolution
of the disk but in some cases there were hot spots on the disk.

The dry wear situation was found to show high voltage spikes
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on the output. TFigure 3.5 shows three typiczl outputs under dry
wear conditions. These traces represent the temperature profile
over one revolution of the disk at a speed of 0.62 ms~ ! and 1.5 kg
load. The maximum output was found to be approximately 1C0 mV with
a 'bulk' temperature output voltage of about 40 mV. These velues
represent a temperature range of 185 % to approximately 400°C if
one assumes & linear extrapolation cf the calibration curve. The
temperature coefficient, assuming a linear relationship to 100°C
was 6.5 pH/OC for this basic iron-copper junction compared to

Sk pV/OC for iron constantan and h6.5/pV/°C for copper constantan.

5.3 Analysis of Samples

3.3.1 Optical microscopy

Inspection of the wear pins indicated very strongly that if
additive was present then the surface was copper rich in colour.
Hydrofined fuels produced wear pins which were a bright clean
aluminium bronze colour. In some cases pins were found to be in
an intermediate state between regions of copper rich material
surrounded by the normal zluminium bronze colour. Some examples

are illustrated in Flate IX.

It was found that this appearance was related to fhe friction
value in some way. For the tests which finished with a low
coefficient of friction 17¥ were aluminium bronze colour in
appearance, 2% were of an intermediate appearance and 54 were
copper rich.

On the basis of these results and the wear tests samples were
selected for analysis using the physical analytical techniques

the results of which will now be presented.
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FIATE IX: WEAR PIN SURFACES:

(a) and (b) From tests with fuel plus Hitec,
(c) and (d) From tests with fuel without Hitec,



2.3.2 Auger Spectroscopy

Gualitative differences can be seen between the various samples
analysed, using Auger spectroscopy, in the spectra produced.

Most of the samples produced with hydrofined fuel, containing

.15 p.P.m. of Hitec E515, did not show any phosphorus to be present
on the surface (figure 3.16(a)). The initial spectrum, before
sputtering shows sulphur, carbon, nitrogen, oxygen, copper to be
present with indications of nickel and iron. After about 800 pA
minutes of sputtering iron was clearly resolved. The presence of
aluminium will be discussed later. A similer result was found for
a wear pin which had been used on a disk of higher surface roughness
(C.06pm c.l.2.) but phosphorus was noted on the surface after about
10 pA minutes sputtering (figure 3.16(b)). It was also noted that
some chlorine was present in this case.

The origin of the phosrhorus was expected to be the phosphate
ester component of Hitec E515. Figure 3.17 shows phosphorus present
on the surface of unworn aluminium bronze which had been submerged
in additive which was at a temperature greater than 100°C. The
spectra at zero and about 1C pA minutes sputtering time both show
rhosphorus, sulphur and chlorine along with carbon, oxygen, nitrogen
and copper.

The spectra for aluminium bronze worn in the presence of
hydrofined alumina catalyst filtered kerosene and 2, 2, 4
trimethylpentane were very similar (figure; 3.18(a), (b)). Obviously
no phosphorus was observed on the surfaces in these cases. Again
iron became more easily observed after sputtering and, in the case
of the hydrofined fuel sample, there was a suggestion of aluminium
at the higher energies (about 1400 eV).

Finally spectra for a KE961 steel sample run in hydrofined fuel

containing 15 p.p.m. Hitec E515 are shown in figure 3.19. The main



-

elements observed here were iron, carbon oxygen and sulphur. Small
amounts of chlorine and nitrogen were observed along with
indications of chromium.

Aluminium oxide was identified on the bronze wear pin surfaces
as plasmon loss and plasmon gain peaks at low energy. Changing
the beam energy by = 150 eV, about the primary energy of Z2KeV,
enabled these peaks to have slightly improved resolution. These
effects can be observed in figure 3.20 for a number of different
sputtering times. The last of this set of spectra shows the effect
of defocussing the electron beam. The small unresolved peaﬁs can
be seen more clearly in figure 3.21 which is for the 278 pA minute
sputter time spectra. Peaks are found at 41 eV, 47 eV, S5k eV,

58 eV, 60 eV and about 67 eV, The peak at 47 eV can be assigned
to iron. Peaks at 58 eV and 60 eV are copper peaks, the 58 eV
peak being distinct but poorly resolved. In fact the 58 eV appears
more as a shoulder on the spectra. The peak at 105 eV is also a
copper peak. This leaves us with peaks at 41 eV, 54 eV and 67 eV.
The 'shoulder' at 67 eV is a result of the main aluminium peak.
The peaks present at about 42 eV and also 54 eV would appear to be
the aluminium oxide plasmon loss peaks. Peaks at between 36 and
39 eV were observed on some samples. Consequently this evidence
points to the presence of aluminium oxide near or at,(the surface.
Note that during sputtering the 54 eV peak has emerged whilst the
67 eV peak diminishes in size (see figure 3.20). Evidence of the
unresolved peaks between 60 and 105 eV is shown by the changes of
slope of the spectra as the beam energy is increased. This is
particularly noticeable at between 67 eV and 80 eV for a beam
energy of 1.85 KeV (Figure 3.21). ’

Sulphur was often resolved as a doublet or triplet when

present on the surface of aluminium bronze. A typical resolved
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triplet sulphur peak is shown in figure 3.22(a). This suggests that
sulphur was present on the surface as a compound. The triplet was
not so distinct for the hydrofined fuel, and there was only a trace
amount of sulphur on the pin worn in trimethylpentane, as for the
fuel and additive wear pins.

It will be shown later that a carbon layer existed on the
bronze and steel surfaces which were worn in the presence of
additive. Above this layer there was carbon picked up from the
laboratory atmosphere. Slight differences can be seen between the
carbon peaks from these two layers. The carbon peak from the
atmospheric contamination is not as symmetric as the carbon in the
underlying layer. This contaminant type peak is also seen on the
wear pin from the trimethylpentane test which was to be expected.
The sample from hydrofined fuel tests shows a similar result with
only a slight difference in the initial part of the peak. These
differences are shown in figure 3.22(b).

The oxygen present in the samples from hydrofined kerosene
and trimethylpentane tests gave similar shaped oxygen peaks. The
fuel and Hitec sample also gave a similar peak at the surface but
after sputtering the characteristic oxide oxygen peaks emerged
(figure 3.22(c)).

Finally the presence of nickel was observed through the change
in shape of the copper 840 and 848 eV peaks. Figure 3.23 shows
these peaks for aluminium bronze and also the pure copper and pure
nickel peaks as given in the handbook of Auger electron
spectroscopy. Note that the peak at 848/849 eV in aluminium
bronze is larger than the 848 peak for pure copper showing the
contribution from the nickel 849 eV peak.

Changes were observed in the elastic peak before and after

sputtering and with position on the sample. Most samples which had
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run on kerosene, and in particular kerosene containing Hitec E515,
were observed to fluoresce. This fluorescence was found to be
greatly reduced on 'clean' or sputtered samples. Consequently it
would seem reasonable to relate this to the change in shape of the
elastic peak as shown in fipure 3.23(b). The effect of this
change on the Auger spectra was small. Only slight changes could
be seen at the low energy end of the spectra. Successively tzken
spectra are shown in figure 3.24 for areas of (a) high fluorescence
and (b) low fluorescence. Changes can be seen to be occurring in
the sulphur peak which becomes & triplet after the beam had been
on the sample for some time. In the region of high fluorescence
the carbon peak also changes slightly. The aluminium plasmon gain
peak is more distinct for the low fluorescent clean surface. In
the case of the high fluorescent region this peak affects the
general slope of the spectra.

Similar changes in peak shape could be found for the carbon cn
the steel, which had worn in the presence of hydrofined fuel with
additive, as on the bronze wear pin in a similar fuel. Chromium
peaks were identified at 482, 520 and 536 eV which suggests that an
oxide of this element exists on the surface. This was particularly
found on the darkened regions of the steel. Figure 3.25 shows the
chromium, oxygen and some of the iron peaks obtained from this
sample.

The result of depth profiling allows more obvious comparisons
to be made between the samples. The profile for a steel surface
run in the presence of Hitec shows an initial contaminant layer of
carbon between O and about 10 pA minutes of sputtering (see
figure 3.26(a2)). A layer of carbon then exists between about 10 end
50 pA minutes. The carbon layer is attached to an oxide layer as

shown by the shape of the oxygen profile. Above the carbon layer
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there is also evidence of an increase in the concentration of
sulphur and chlorine. The profiles for the tronze surfzce worn in
the presence of Hitec E515 are very similar to those of the steel
(figure 3.27(b). 4 carbon layer exists between about 50 and 200 pi
minutes. Again above this is an enriched sulphur layer and
contaminant layer of carbon. The oxygen rrofile also suggests an
oxide layer. The iron content rises to quite a large quantity after
800 pA minutes of sputtering compared to what might be expected
from the aluminium bronze specification. It must be noted, however,
that nickel and aluminium were not included on these profiles since
peaks for these elements were not fully resolved. The bronze worn
in the presence of alumina filtered fuel and 2, 2, &4
trimethylpentane (iso-octane) show no signs of an oxide or sulphur
layer (figures 3.26(c) and (d)). The curve from the 2, 2, &
trimethylpentané shows no sign of a carbon layer and in the case of
the hydrofined kerosene the carbon profile flattens out but does
not increase. These profiles were obtained using sensitivity
factors calculated using the peak-to-peak height of the Auger signal.
The effect of the anzlytical treatment of the results, on the
depth profiles, is shown in figure 3.27. The peak-to-peak heights
are plotted in figure 3.27(a) and for convenience the sulphur
peak-to-peak heights have been divided by two. It can be seen that
the magnitude of the sulphur and oxygen initially.rise above the
other elements. Figure 3.27(b) shows the profiles obtained using
sensitivity factors calculated from the peak-to-peak heights. The
sulphur and oxygen are now much reduced in magnitude. Note that
the same basic shape of all the curves has been retained. Finally
the profiles obtained using sensitivity factors calculated from
the product of the peak-to-peak height and half width is shown in

figure 3.27(c). In this case the sulphur, oxygen and iron profiles
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have increased, whilst the copper profile has reduced, in
magnitude at each sputter time. The carbon profile has remained
essentially the same apart from a flattening, rather than an
increase, at about 50 pA minutes.

Aluminium has not been plotted on these profiles because there
was no reasonable peak available to measure. A plot of the plasmon
loss, and gain, peaks along with the aluminium 1396 eV peak is
shown in figure 3.28. This plot is for a pin worn in the presence
of Hitec and suggests that there may be a surface film of
aluminium oxide. The peak-to-peak heights plotted here will not
be the true peak-to-peak heights since these peaks were not fully
resolved. Calculating the film thickness by the method shown in

Appendix II suggests the film would be about 350 x 10~ 1° M.

3.3.3 Electron Probe VMicroanalysis

The photographs of figure 3.29 show (a) part of a wear
surface which had been tapered to a 10° angle to leave clean
aluminium bronze, (b) the copper X-ray distribution over this
region and (¢) the aluminium X-ray distribution. The wear surface
had been generated in the presence of Hitec E515 and appeared to be
entirely copper rich when viewed optically. It can be seen from the
X-ray photographs that this is the case and the elemental intensity
scans confirm this evidence. Figure 3.30 shows the intensity against
position of the electron beam on the surface as it was scanned
across the wear surface (3.30(a)) and across the wear surface and
taper (3.30(b)). Focussing the beam as a stationary spot on the
tapered surface and then measuring the aluminium X-ray intensity
gave a count rate of about 6,400 counts per second which is typical
of that found for unworn aluminium bronze and for pins worn in the
presence of hydrofined fuel. The count rate for aluminium was at

about 850 counts per second on the wear surface which is
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indistinguishable from the background count rate.

In the case of aluminium bronze running in the presence of
Hitec E515 the surface of some of the pins had areas of copper rich
appearance with surrounding areas of aluminium bronze cclour. The
distribution of aluminium, copper, nickel and iron X-rays for a
typical region on such a surface is shown in figure 3.31. The
apperent intense aluminium region gives a spot count rate of 2747
count per second with the depleted region down to 540 counts per
second showing that the whole surface has in fact become depleted.

A similar set of photographs is shown for a pin, worn on a
higher roughness disk, in figure 3.22. It can be seen, from these
photographs, that the aluminium appears to bg depleted in some
regions of the surfaces. The aluminium appears to lie along the
score lines on the surface.

Previously some wear results were given which showed spikes
of high friction followed by pericds of low friction when tests were
carried out with Shellsol T. The results of an electron probe
analysis for copper and aluminium on a sample from the low friction
period, figure 3.33(a), and from the high friction period (3.33(b))
suggest that the distribution of these elements is important. The
fluctuations in the intensity, for the two elements, are generally
the mirror image of each other. The X-ray distribution photographs
of aluminium, copper, iron and nickel for the high friction sample
are shown in figure 3.34. The uniformity of the aluminium
distribution is apparent in this case. These distributions are
typical for surfaces worn in hydrofined alumina catalyst filtered
fuel as well as Shellsol T. The distributions in the case of the
low friction were also imilar except for the aluminium distribution
which shows segregation to be occurring comparable to the fuel with

Hitec results.
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The sample which was stopped on the high friction period had an
area which appeared to be aluminium rich. The line scan for this
region is shown in figure 3.33(c) and can be compared to the unworn
aluminium bronze line scan (figure 3.33(d)) for copper end aluminium.
in optical micrograph of this area is shown in figure 3.35 along
with the aluminium X-ray distribution. In this case the zluminium
spot count rate was 9560 counts per second, for the intense region,
and 5200 counts per second for the apparently depleted region. This
shows aluminium enrichment at the surf.ce when a pin is wearing in
the high friction state in the presence of a hydrofined fuel.

Energy analysis of the X-rays from samples of the two-piston
rig bores show that three distinct regions exist (figure 3.35(a)).

A dark patch close to the area where cadmium plating still exists is
shown to be aluminium. The second region was a typical aluminium
bronze colour and the spectrum shows the low energy copper and
aluminium peaks to be approximately the same intensity. The third
region was copper rich in appearance and this is confirmed by the
reduction in the intensity of the aluminium peak.

The piston which had run in the bore whilst lubricated by
hydrofined fuel without Hitec is shown to have picked up aluminium
(figure 3.36(b)) and where copper was present the aluminium peak is
still greater in intensity than the low erergy copper peak (figure
3.36(c)). These results correspond well with the fziled aircraft
piston, vhich was analysed, where aluminium is again shown to be

present on the surface (figure 3.36(d)).

3.3.4 Electron Microscopy

Scanning electron micrographs were obtained for the surfaces of
vear pins worn in the presence of kerosene containing 15 p.p.m. of

Hitec E515. For cases where copper rich areas could be seen the
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Aluminium X-ray distribution.

FIGURE 3.35 APPEARENCE OF AN ALUMINIUM RICH AREA ON A BRONZE
SAMPLE WORN IN SHELLSOL-T.
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S.E.l. shows three contrasting regions. The very dark areazs in

by

igure 3.37 would appear to be the corper rich regions, the grey
background would be the normal aluminium bronze whilst the white
zreas zluminium rich (comparable with the electron probe work in
figure 3.32). Figure 3.38 shows a2 different area of the same sample
where there appears to be plateaux of unidentified material.
Another sample showed large areas of copper rich material with
sections broken awzy (the bright areas of figure 3.39).

L sample from the high roughness disk experiments show a highly
pitted surface similar to corrosion pitting (figure 3.4C). There
were regions on this sample similar to those found on the sample
illustrated in figure 3.39G.

Surfaces generated by wearing in the presence of hydrofined
kerosene are shown in figure 3.41. The samples from the two piston
rig bores (3.41(a) show & strong resemblance to the wear pin
surfaces (3.41(b)). There is no evidence of plateau regions and no
pitting on these samples. Both samples show & lot more evidence of
scoring occurring.

Finally for the bronze surfaces figure 3.42 shows the effect
of running under dry wear conditions. Oﬁviously the surface is much
rougher and there is evidence of large flakes breaking'off the
surface.

Areas of transferred material are similar in appearance for
both the aircraft failed piston sample (figure 3.43(a)) and the two
piston rig sample (figure 3.43(b)). An unworn surface is shown for
comparison and illustrates the lapping marks (figure 3.43(c)) whilst
e piston run in the presence of fuel kerosene with Hitec has a very
smooth appearance (figure 3.43(d)).

Replicas of wear track surfaces produced the results shown in

figure 3.44 and 3.45. Figure 3.4L4 shows successive photographs of
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FIGURE 3,38 S.E.M MICROGRAPHS OF A DIFFERENT AREA OF THE
SAMPLE SHOWN IN FIGURE 3,37.
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FIGURE 3.40 S.E.M MICROGRAPHS OF BRONZE WEAR SURFACE FROM TESTS
WITH FUEL PLUS HITEC (HIGH ROUGHNESS DISC).
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FIGURE 3.42 S.E.M MICROGRAPHS OF BRONZE WEAR SURFACES TAKEN
FROM DRY WEAR TESTS.
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FIGURE 3.43 S.E.M MICROGRAPHS OF PISTON SURFACES TAKEN FROM
VARIOUS SOURCES.
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a score mark on a wear track. This shows a very pitted wear track
and in this respect is similar to the wear pins produced by wearing
in kerosene with Hitec. Figure 3.45(a) shows the lapping marks on
an unworn wear track whilst figure 3.45(b) shows a similar surface
with transferred aluminium bronze from wear in hydrofined kerosene.
Further pitting can be seen on plateau regions on a wear track
formed in the presence of kerosene and 15 p.p.m. Hitec E515

(fizures 3.45(c) (4)).

3.3.5 l\iear Debris Analysis

Table 3.4 lists the results of the X-ray analysis of most of
the wear detrius. The measured 'd' spacings are given for each test
in decending order and results are also given for a reference
sample of aluminium bronze. The hydrofined fuel debris gave 'd'
spacings which were very little different from these found for the
bronze. A 'd' spacing of 2.46 was found but none of the other
copper oxide peaks were present. Consequently this debris appears
to be aluminium bronze.

£ large number of diffraction lines were found when the
additive was present in the fuel,some of which were quite broad
(in particular lines at 'd' spacings of 2.09 and 2.03). The
indications at 6 kg load is that phosphates are present along with
copper oxide. Aluminium ortho-phosphate and copper phosphate
would seem to be the most reasonable compounds to fit the measured
'd' spacings.

At the higher loads (10 kg and 12.5 kg) a change to aluminium

2

phosphide occurs in the debris. This is particularly true at

)

12.5 kg load where 'd' spacings of 3.11, 1.93 and 1.65 are

observed. As with the lower load, copper oxide can be identified

and also pure copper lines appear. It is possible that copper
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phosphides are also present. Note that these last three samples are
taken from the three regions of the curve in figure 3.46.

In the case of the sample taken from the two-piston rig bore
failure the results were similar to the hydrofined fuel wear tests.
The cadmium found in this sample (Table 3.5) arises from the
cadmium plating on the bores. A sample from wear tests using 2, 3, 4
trimethylpentane as the lubricant produced the expected result of

aluminium bronze wear debris. These results are given in Table 3.6.

3.3.6 Fuel Analysis

No significant differences were found between the fuel samples
when analysed using mass spectrometry or gas-liquid chromatography.
The chromatograms show no differences between samples with and
without 15 p.p.m. Eitec (figure 3.47a)). The sample which had
beccme discoloured during storage shows fewer peaks at the initial
stage just after injection (figure 3.47(b).

Ellipsometry measurements showed that the corrosion inhibitor
Hitec ES15 desorbs from silver at about 80°C when heated in a
solvent. Table 3.7 shows the measurements taken when slides were
dipped into Hitec, fuel plus Hitec and hydrofined fuel. The
hydrofined kerosene did not leave any film on the surface as
expected. Results for various concentrations of additive in
hydrofined kerosene are shown in Table 3.8. A film could be detected
down to the 1% by weight level and below this no film could be
detected.

Changing the metallurgy to aluminium bronze and KE961 steel and
leaving them in the additive for a week produced thick films on the
surface which were out of the range of measurement of the
ellipsometer. At least some of this film was made up of phorphorus
as shown by X-ray anzlysis as shown in figure 3.48@a) for aluminium

bronze and 3.48(b) for KE961 steel.
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TABLE 34 X-RAY ANALYSIS OF WEAR DEBRIS

d spacings

File Al. Fuel |Fuel + Additive

Values Brenze 6Kg | lOKg | 12.5Kg
Aluminium 2.34! 2.02 | 1.22| 2.92 |[2.48 | 4.05|3.19 4;94
Aluminium Ozide 2.55 2.09 | 1.6 2.52 |2.24 | 3.37 3.64 3.11
Al. Ortho-Phosphate 4,08( 2.51 [ 3.16| 2.33 |2.04 | 3.14{2.49 |2.63
Al. Phosphate (Berlinite)| 3.37} 4.28 |1.84 2.22 2.02 3.04{2.29 | 2.48
Aluminium Phosphide 3.14| 1.93 |1.64 | 2.09 {1.81 | 2.92|2.10 |2.17
Copper 2.09| 1.81 |1.28 | 2.03 |1.31 | 2.83j2.02 {2.09
Copper Oxide (Cu,0) 2.47] 2.14 [1.51 | 1.83 (1.28 | 2.57|1.93 |1.83
Copper (II) Phosphate 2.96 | 2.80-|2.58 | 1.28 |[1.19 | 2.48|1.81 {1.81
Copper Phosphide 2.0111.95 |2.49 | 1.22 2.3311:52 j1.65
Iron 2.03 ]1.71 |1.43 1.17 2.1311.45 11.21
Nickel 2.03 | 1.76 11.25 2.0311.31 |1l.28

1.7511.28 |1.25

1.6 [1.20 [1.21

1.51

1.35

1.28

1.18
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TLBLE 3.5 "d" VALUES FOUND FOR DEBRIS FROM T«O-PISTON RIG BORE
FAILURE
ELEMENT/COMPCUND "gn VALUES
File Measured | Assigned
Aluminium 2434 2.02 1.22 2.80 2.80/1
Lluminium oxide 2355 2.09 1.6 2,57 2.58
Copper 2.09 | 1.81 | 1.28 2.3k 2.34/5
Copper oxide Cu,0 2.47 2.14 151 2,10 2.09
Cu phosphate 2.96 2.80 2.58 2.0% 2.0/3
Iron 2.03 | 1.71 1.43 1.9 1.90/3
Nickel 2.03 1.76 1.25 1352 Fa5l
Cadmium 235 2.81 2.58 1.49
1.32
1.25 1.25
1.19 1.17
1.28 1.28
1.43 1.43
1.40
L.82
5.53
8.70
TABLE 3.6 "d" SPACINGS FOR ALUMINIUM BRCNZE WEAR DEBRIS FROM
2,2, 4 TRIMETHYIPENTANE WEAR TESTS
File "d" Values |Measured "d's" | Assigned "d's"
Aluminium 230 2,02 .22 2.32 2434
Aluminium oxide | 2.55 2.09 1.6 2.10 2.09
Copper 2.09 1.81 1.28 2.03 2.02/3
Iron 2.05 1.71 1.43 1.82 1.81
Nickel 2.03 1.76 1.25 1.42 1.43
1.28 1.28
1.22 1.22
1.19 1507
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TABLE 3.7 PILM THICKKESS AT 20°Cc AND 80°C

TEMP |PCLARISER |INITIAL | FINAL |THICKNESS

o LNG ANALYZER ANGLES 2
Hitec 20 84.5 153.5 164.7 260
Fuel + Hitec 20 87 153 158.5 110
Kerosene 20 95.5 151 .71 131 0
Hitec 80 87.25 153.5 153.5 o)
Fuel + Hitec 80 84 .4 152.4 153.4 0
Kerosene 80 05.1 131 131.1 (0]

TABLE 3.8 FILM TEICKNESS - CONCENTRATION AT RCCNM TEMPERATURE

CONCENTRATION POLARISER | INITIAL | FINAL |THICKNESS
HITEC - % WT ANGLE ANALYZER ANGLES e
100 1.82 64 77 260
10 1.82 62 7543 260
1 1.84 65.5 77 260
0.1 1.81 58.3 59.45 0
0.01 1.62 60 6C.45 o)
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CHELPTER 4

THECRETICAL CONSIDERATICNS

4.1 Introduction

Lny theory for boundary lubrication must take into account the
action of the lubricant and the state of the metal surfaces.

The results of the experiments with aluminium bronze sliding
against steel in the presence of kerosene, have shown that an oxide
lzyer exists at the surface of the bronze, which is the major
wearing component. This occurs, in particular, when the complex
additive Hitec E515 is present. The additive contains a dimeric
acid which acts as a boundary lubricant in this system.

In a normel dry wear situation the real area of contact occurs
at small areas, termed asperities, as shown in figure 4.1(a). These
areas can reach guite high termperatures because of frictionzl
héating thus accelerating the rate of oxidation. The effect of a
boundary lubricant is to separate most of these contact regions by
the adsorption of polar molecules onto the surface (firure 4.1(b)).
This means that oxidation and wear is reduced or prevented.

However some contacts will still be sufficiently loaded for
this protective film to be broken down so that the real area of
contact is reduced by some fraction from the dry wear case. Cnce
the film is broken down oxidation and wear can tzke place as in the
dry wear situation. This is illustrated in figure 4.1(c) and (d).
The film is unlikely to be complete, as in the idealised case
presented so far, because of adsorption-desorption effects and the
presence of the base solvent (kerosene in this case). A

consequence of this is that contact between the two surfaces will
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cccur more readily in poorly lubricated regions.
A theory will now be developed which takes into account the
cxidation of the surface and the reduction of the real ares of

contact by the presence of a boundary lubricant.

1. N 3 r :
4,2 (xidational Wear

Consider Archards wear equation as expressed for the dry wear

situzation:

=R A, sos LT)

o<

where V is the volume of material removed, 4 is the total sliding
distance, A, the rezl area of contact and K the probability of
forming a wear particle. |

Following the method used by Quinn (52) to find a value for
the K factor we assume & parabolic dependence of the oxide film
thickness with time. The mass per unit area of oxide formed at

the surface, M, is then given by:

AM e (2

"
'dh‘
ot

where p is the parabolic rate constant and t the time for which

asperity contact occurs. This time can be expressed as:

R (3)

&7

where 'a' is the Hertzian diameter associated with circular
contacing asperities, u . the linear speed between the two
asperities and K as defined above.

Combining equations (2) and (3) it can be shown that:
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AK = ka sea )
3
further AM = pgh e (5)

where g is the fraction of oxide which is oxygen, P the density of
the oxide and h the oxide thickness. Hence from equations (4) and

L5l

K = %8 i)
B 02

The accepted relationship between the rate constant and

activation energy, Qp, is given by the expression:

kp = Ap exp (Qp/RT) oo (7)
where Ap is the Arrhenius constant, : the temperature of the
surface at which the reaction is taking place and R, the universal
gas constant.

Equations (6) and (7) are combined to give:

K = a AP e%p (QD/RTS) | see (8)

uga PZ h2

This expression and suitable substitution for the real area
of contact leads to the oxidational wear equation for the dry wear

situation.

% = 2 Ap exp (- Q:g/m‘) {E'sz cee (9)

ugz P n2 vaTr Pm

where n is the number of contacting asperities and Pm the hardness.
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4.3 Boundary Lubrication

Previously, it was stated that when a boundary lubricant was
present a fraction of the real area of contact (under dry wear
conditions) was prevented from coming into contact by the lubricant.
The real area of contact can now be expressed as:

Real areaz of contact = ocAr

where ;Lr is the rezl area of contact under dry wear conditions and
o the fractional film defect. The wear equation for boundary

lubrication can now be written as:

1 - KO:A -. e (10)
d b i

The fractional film defect has been defined by Kingsbury (42) as:

x = NS - N see (11)
N

where N. is the totel number of sites available for a molecule to
absorb onto the surface and N is the number of occupied sites.
Frenkel (67) has shown that the average time that a molecule

stays at a particular site is:

b - t, exp (E/RT)) see C12)

where tr is the time of vibration of the molecule, E the heat of
adsorption of the boundary molecule and 'I'5 again is the temperature
of the surface film.

The time required for an asperity to move a2 distance, x, at a

speed u mgs'-"I is given by:

ses (13)
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where x is the metal lattice spacing or the diameter of an absorbed
molecule.

The following conditions now apply by the use of equaticns (11),
(12) and (13). If t,>>t, thenox —>1.0 and the molecules have
plenty of time to move and N — 0. If t << t, then « —> O, the
molecules have little time to Getach and N —> N_.

The equation,

1 = o = exp (—tx/tr) s e (14)

relates o« , tx and t, and satisfies the above conditions.
Substituting for t, and t, from equations (12) and (13) in this

equation (14) results in the relationship:

1-a = exp =~ X ees (15)
ut, exp (E/RI‘S)
Taking logarithms to the base 'e' for equation (15) gives
111 (1 —Cr) - - X ce e (16)

ut_ exp (E/RT 5)

Experimentally, provided u > C.1 ms'1,c: £ 0.01 even for a poor
lubricant. Consequently the term ln (1 - @ ) is espproximately equal
to - @ and equation (16) becomes:

x eee (17)
ut_ exp (E/Rl‘s)

Returning to the wear equation (equation 10) that is g = KAy

we now have an expression for « which accounts for boundary
lubrication. In section 4.2 it was shown that the K factor was

related to the oxidation rate through the equation:
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K = a Ap ex:p (-Q‘P/RTS} . (15}

ug2 P 2 h2

The real area of contact and Hertzian diameter are inter-
related and can be expressed in terms of the load W, hardness Pro
"y

and the number of contacts n through the eguations:

A, = W .o (19)

and Ar

nTTa2 e (20)
=

substitution for K, o, L, and 'a' from equation (17), (18), (19) and

(20) in equation (10) leaves us with the result for the wear rate as:

¥ - Eﬂpx Exp ( - (Qp + E)) _\-.'_3/2 sin L21)
¢ ms Pm

u® 82[,2 h° t, /ot

This equation has assumed that the temperature of the surface
film is equal to the oxidation temperature at the contact. A
significant increase in the rate of oxidation will only occur if
the molecules at the surface desorb allowing contact to.occur. This
can only happen if the temperature of the surface film, Tpy is
increased to the desorption temperature, T

d

lubricant. This can occur by increased shearing of the surface

s of the boundary

film in the highly loaded contact regions. Generally speaking
polar molecules from the additive will be continuously adsorbing
and desorbing from sites on the surface even at temperatures below
the desorption temperatures. Once a high enough temperature is
reached there will be sufficient energy at the surface to desorb
the majority of the polar molecules. This then allows the metallic

surfaces to interact producing a sharp rise in temperature at the
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surface and allowing rapid oxidation to occur. As the asperities
come out of contact the lubricant will rapidly cool the surface
allowing polar molecules to readsorb onto the worn region. To take
into account the protection afforded by the polar molecules up to
desorption temperature, the wear equation (21) can be modified by
dividing the exponential term up into two components to give:

exp ( - E )x Exp ( - gp)

RTd RTg

where the first exponent represents the additive term and the second

the oxidation term.

The wear equation can now be written as:

\'] 2 Ap x
d - -1
Wegs e h

3
1 Exp(-gp) Exp ( -E) L)’z...(za)
2 RT

t Jor Rlqg |P

o

o

k.4 Solutions of the boundary lubrication oxidational wear equation

Initial calculations were made with equation (21) assuming the

temperature of the surface film was the same as the temperature of

oxidation.
3,
gz 2 Ap x_ 1 Exp (- (gp + E)) 3;_)2
u® gz p2 1o t, vnr RTg Pr

Values were found for most of the parameters in this equation as

follows.

L.4.1 Arrhenius constant Ap and Activation Energy Qp

The value for the Arrhenius constant was initially taken as
that found from static oxidation experiments. Tylecote (68) quotes

a value of 1.5 x 10-3 ng M‘h

S-1 for the oxidation of oxygen free
copper in air in the temperature range 300°C to 550° C. Since this

temperature was close to what might be expected in the wear



- b4 -

situation, this value of Ap was used. The associated value for the

activation energy was given as 20 Kilo calories.

L.4.2 lattice spacing or molecular diameter, X

The value of X was fixed by consideration of the size of the
fatty acid in the additive Hitec E515, and of the lattice spacing
of copper oxide, Cuzo. The lattice structure of CuEO is a primitive
cubic structure with a lattice spacing of 4.2696 X 10—1OM.

A first estimate of the molecular diameter must be, at least,
the width of the ring structure of the dimer acid. Assuming that
the ring exists in one plane only the maximum size would be
6.85 x 10" 0 %, This is greater than the lattice spacing of Cu,0
S50 X must be at least two lattice spacings which is approximately

10'9M. Dacre et al (41) quote values for the dimer acid size

depending on the molecules orientation on the surface.

L.,4.3 Time of Vibrationm, t,

This parameter has again been measured, by various workers,
for molecules on surfaces under static conditions. The relationship
to = h/kT, where h is Plank's constant, k is Boltzmann's constant
and T the zbsclute temperature, is given by de Boer (69) for the case
of strong binding to the surface. In this work to was taken to be
10'13 seconds. Another problem with this is that most measurements

have been made with gases rather than liquids so it has to be

assumed that the value used is the correct order of magnitude.

b, 4.4 Cther fixed parameters

The values of AP, Qp‘ x and to have been assumed to be
constants in the wear equation with the values assigned in the
preceding sections. A number of other parameters are also taken to

be constant. The fraction of oxide, g, which is oxygen was
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calculated to be 16/144 for copper oxide. The density of this oxide
is about 6 x 103 Kg M—B. An oxide film thickness was estimated,
from replicas and scanning microscope photographs of the surface, to
ke azbout le 10”8M on average with a hardness of 109 NM’Z.

The value for the heat of adsorption for a dimer acid is given
at 13 X calories by tllen and Drauglis (62). The remaining
rarameters were fixed as representative of the wear tests carried
out. This gives the speed as 0.62 us~! and loads of 2.5 Kg to 15 Kg
in steps of 2.5 Kg. Initially a load of 10 Kg with a surface
temperature T  of 500%K was used to check that the above values
viere correct.

This leaves the value of n, the number of contacts, to be fixed.
Teking a load of 10 Kg and a value for the wear rate from the
experimentzal data an estimate of the value of n could be found. The

estimate of n, using the above data turned out to be much less than

one indicating that one or more of the values chosen was incorrect.

L.4.5 Re-evaluation of the Arrhenius constant

It was decided at this stage that a better approach might be
to assume that the number of contacts lay in the range from three
up to one hundred and then czlculate the value for the Arrhenius
constant. These values of n would appear to be reasonable from dry
wear tests. Previously we used a value of Ap obtained from
metallic oxidation under static conditions. However, the rate of
oxidation may be affected by the dynamical nature of the wearing
system. The rate constant will be determined by the time for which
any two wearing asperities are in contact, the temperature and the
oxygen pressure. It is also known that where fresh metal is
continuously being exposed that the oxidation rate is extremely

fast. Consequently the value of the Arrhenius constant may be much
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higher than 1.5 x 107> Kg° N ' S'. Note that the activation energy

would not be expected to change under dynamic conditions and so the
rate constant is the only parameter that can change in the parabolic

rate equation (apart from temperature which we have fixed).

L.4,6 Surface Temperatures

The calculation of the Arrhenius constant depends on the
termperature that is assumed to be at the contacts. In the above
calculation a value of TS = 500°K was used as representative of
metal-to-metal contact. However in the lubricated case the cooling
effects of the lubricant must be considered. Further, in this
theory, the assumption, that the dimer acid is the major lubricity
agent is being made in order to simplify the problem. This
component is known to desorb at about 350°k (80°C).

Taking Ts to be 353°K and the number of contacts to be 100

6

the value of Ap was found to be 1.84 x 10° Kg M-j+ g for a load

of 10 Kg and wear rate of 1.35 x 10712 3 Tl

L.,4.7 Calculations

Computer programs were written to calculate the wear rate
against variétions in Arrhenius constant, number of contacts and
surface temperature. A program was also written in which only the
number of contacts and the Arrhenius constant was varied. This was
done so that the number of results of wear rate in the range 10~
to 10-6 mm> mm~" against Arrhenius constant could be plotted. TFor
this program the temperaéure was fixed at 350°K and load at 10 Kg.

Finally & program was written so that computed values of wear
rate could be compared to the experimental values. If the computed
value was close to the experimental value then values of Ap, n and
Tg along with computed and experimental wear rates and the load

were printed out. This program was run for equations (21) and (22).
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L,4.,8& Results of the Theoretical Calculations

The plot of the number of results of wear rate in the renge

=1 -6 1

10~° m® o~ to 107° mm® mm~ against Arrhenius constant for a

load of 10 Kg is shown in figure 4.2. This shows that an optimum

6

value exists for the value of the Arrhenius constant of 1.3 x 10

h 3'1. The distribution of results about this value is not a

Kg M
normal distribution over the range considered. The exponentizl
nature of the wear equation would be expected to have a large
influence and this is seen in the results.

The variations of wear rate against termperature, number of
contacts and Arrhenius constant are shown in figure L.3. liear rate
is seen to be very sensitive to temperature (figure 4.3(a)). An
increase of 3o°K changes the wear rate from 1.55 x 10-9 mm3 mm-1
to 2.9 x 10'? mmBmm'1 for a constant number of contacts and a
constant Arrhenius constant.

The wear rate increases with increasing Arrhenius constant
for a given temperature and number of contacts (figure 4.3(b)),
whilst the converse is true for the variation of weer rate with number
of contacts (figure 4.3(c)) at a given temperature and Arrhenius
constant. All three sets of curves suggest an infinite number of
solutions exist with the range considered.

If the effect of the boundary lubrication is removed from the
equation, that is the o« term is removed, then the same basic
curves are maintained but at much higher values of wear rate. This
is provided Ap, n, Ty etc. are kept at the same values (figure 4.4).

The computer search program which compared theoretically
calculated wear rates with experimental data predicted an increase
in the number of contacts with increasing load for a constant

temperature. The tendency was for temperature to remain constant or,

if anything, fall slightly with increasing load. These differences
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are shown in figure 4.5(a). Again it can be seen that a number of
curves exist. A similar result was found for the modified wear
equation (equation 12) where the desorption temperature of the
boundary lubricant is tzken into account. These results are seen in
figure 4.5(b). The mein effect of the modification was to increase
the number of contacts at a given load and temperature to produce
the required wear rate. An example of this can be seen at a load
of 10 Kg and 350°K where, for the modified equation, the predicted
number of contacts is between 54 and 62 whilst for the original

equation (equation 21) the prediction was 4O contacts.

4.5 The Delamination wear theory applied to Boundary Lubricated Vear

4,5.1 Introduction

Subh (70) has objected to the adhesive theory of wear on which
the preceding theory is based. His main critisms of Archard's theory
are (2) that it ignores the physics and physical metallurgy of metal
deformation (b) the assumptions used and (c) the fact that the
theory does not provide any insight into the wear of metals under

different sliding conditionms.

k.5.2 Suh's delamination wear theory

This theory is based on the following assumptions (a) the
metals wear layer by layer, each layer consisting of N wear sheets,.
(b) the number of wear sheets per layer is proportional to the
average number of asperities in contact at any instant between the
two surfaces and (c¢) the rate of void and crack nucleation and the
critical degree of shear deformation for loose particle formation
can be expressed in terms of a critical sliding distance, do' for a
given sliding situation.

From these assumptions it can be seen that the theory depends

on dislocation theory, plastic deformation and fracture of metals
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near a surface.
The total wear of a hard - soft combination was expressed by

Suh as a volume removed, V.
V. = Ny (6/dyq) Aq By + Ny (/d,5) A, by ose L)

where the subscripts refer to the hard (1) and soft (2) meterials,
N is the number of delaminated wear sheets, A is their average
area and d, is defined as the critical sliding distance required
for the rermoval of a complete layer.

The wear sheet thickness is given by:

h = G b «sn K2)

4 (1-y) c-f

where G is the bulk modulus, c}.the friction stress, b the
Burger's vector and y Poisson's ratio.

Assuming that the area of these sheets is given by A = CAL
where C is a constant of proportionality and Ay the rea area of

contact it can be shown that:
VvV = kwd ' oam K9)

In this wear equation the constant k is given by the

expression:

with K, and K, constants depending on the surface topography.

4,5.32 Boundary lLubrication

Suh's wear equation (3) can be modified, in the same way in

which Archard's equation was modified, by the introduction of the
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fractional film defect. This will then introduce the effect of
lubrication into the equation. To simplify the problem it will be
assumed that only the soft surface wears. The wear equation can
then be written as:

% - C(2 N2 AZ h2 S (5)

doZ

where x5 is the fractional film defect. Substituting for values

of «,, Noy Ap and h,. This results in the equation:

gl vp. s be 9o 2s Exp (-Ep/RI)W  «-o (6)
brrut d o (1-V5)op,

b
d

The delamination wear theory is based on metallic contact with
assumption that any oxide layer is thin compared to the thickness
of the delamination wear sheets. Consequently solutions have not
been sought for this equation. More will be said about this, and

other theories, in the discussion.
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5.1 Introduction

The wear results will be compared to those obtained by other
vorkers and & comparison made between the fuels anslysed.

A review will be given of the metallurgy found at the wearing
surfaces under various conditions of friction, wear and type of
lubricant. From this, physiczl and chemical processes such as the
Kirkendall effect and oxidation, involved with seizure, in the case
of a hydrofined fuel, and prevention of wear, in the case of a fuel
containing Hitec, will be elucidated. Correlation between "in=-
service'" failures and laboratory testing will be illustrated.
Further it will be shown how these results effect the interpretztion
of those from tests, such as the dwell test, used to rank fuels.

Finally the relevance of the theory developed in Chapter Four
will be discussed with respect to the results and other existing

theories.

5.2 Wear Tests

5.2.1 Comparison with past work

The use of Stribeck curves was found satisfactory as a means of
determining conditions for boundary lubricated wear. Three distinct
regions were observed when the additive was present (figure 3.1)
which enabled the boundary region to be easily identified. Surface
roughness was found to affect the result obtained in that the
transition from boundary to fluid film conditions was not so
pronounced. The objection raised by Fein (61) about the whole curve

being generated by elastohydrodynamic conditions has been avoided by
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monitoring contact resistance between the two surfaces (figure 3.2).

The results from the Stribeck curve tests suggest that this may
be a fairly rapid way of ranking fuels with respect to lubricity.
Zesponse at high speed depended on the concentration of Hitec
(figure 3.4) with seizure occurring at the zero and 15 p.p.m.
levels. EHowever friction has been shown to be dependent on surface
roughness of the pins and disks used and to the mode of wear.

Work carried out previously has been concentrated at the
boundary lubrication region of the Stribeck curve, but the evidence
from these tests suggest that an investigation at high speeds may
be worthwhile. This is illustrated by figure 3.4 showing film
breakdown and seizure with increase in speed.

The present results are the first to sysﬁematically record vear
rate against load for a given speed with the 2luminium bronze-steel
metallurgical combination. Most of the work prior to this
investigation has been carried out by companies directly involved
with kerosene lubricity problems. They have, out of necessity,
been intent on finding a rapid solution rather, than isolating the
fundamental mechanisms. This has meant that research was aimed at
ranking fuels according to their lubricating ability. Emphasis
has been placed on the chemistry of the fuels (4, 10, 23) with
little attention being paid to metallurgical changes occurring
during the tests. However, to understand the problem in its
entirety, it is also necessary to consider what happens to the metal
surfaces rather than to investigate the fuels in isolation.

Commercial requirements have meant that a short duration test
for the calibration of fuels has been sought. Consequently many of
the tests have been run for 15 to 30 minutes meaning that little
time has been allowed for any mode of wear to be established.

Another reason for the short duration of the tests carried out by
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many workers is that they have been trying to find seizure conditions
with hydrofined fuel (four-ball tests).

The present tests have been run for periods which have zllowed
wear to become stabilised in a particular mode and then,after the
tests, the surfaces have been analysed to determine what has occurred
during wear. Further, these tests have been carried out over a wide
range of loads which thus covered the possibility of seizure
conditions.

Vere (4) is one of the few workers to publish wear data for the
silver plated steel-on-steel system. An estimate of wear rate from
his wear against time graph, for a production hydrotreated kerosene

3

(figure 1.4), gives a value of 6 x 1077 mn” mu's These results are
similar to those found in the present work.

Since the wear results given by other workers have been
measurement of wear scar diameter and friction no further comparisons
between this work and published wear data will be given at this
stage. These results will be more easily discussed in the light of
the surface analysis results obtained in the present work.

The shapes of the curves obtained with the various roughnesses
are interesting. Sharma and Cameron (71) have shown that the heat
adsorption of boundary lubricants is dependent on surface roughness.
They found that surfaces have an optimum roughness of C.406k pm c.l.a.
for maximum heat of adsorption. Bjerk (72) points to some results
which are the reverse of those found by Sharma (71). The problems
of relating the effect of surface roughness as found by Sharma,

Bjierk and the work carried out here would appear to be one of the
different conditions under which results were obtained. In
particular the results of this work were obtained with a flat-faced

aluminium bronze pin on a flat steel disk whilst Sharma used a steel

ball-on-plate and Bjerk used steel rollers. Note also in figure 3.10
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the maximum roughness used was 0.C0254 um c.l.a. for the bronze
wear pins. Further the work of Sharma was not concerned with
situetions in which chemiczl reactions are occurring but was

restricted to the reversibly physically adsorbed layers on steels.

1

L
]

ving made the above comments it is still appreciated that

*

Sharma's (71) results and those of Sharma, Malhotrza and Cameron (73)
ray still be significent in the results found with the pin-on-disk
machine. PNore will be said about the shape of the curves obtained
in this work in terms of the surface metallurgy. For the present
it will be noted that the minimur wear rate, found when varying
surface roughness, may be indicative of 2z meximum heat of
adsorption as found by Sharme et 2l and thet the transition on the
wear rate against load curve (with the additive present) may also
be due, in part, to this effect.

Furey (59) has shown the problems of measuring contact
temperatures for dry wear situations. From his work it can be seen
that the experimental results are generally an under estimate of the
real contact temperatures. In this work no high temperature spikes
were observed for the lubricated case. Reasons for this will be
those associated with dry wear, plus the fact that a thick wear
track rapidly builds up, that oxides form and the effect of the
lubricant is to meke the contact time very small. The latter roint
probably means that the response time of the amplifier was not
great enough. The dry wear measurements produced temperatures
similar to those measured by Furey and would consequently appear to

be reasonable although lower than expected.

5.2.2 The effect of Hitec E515 on wear

Comment has already been passed on the desire of the

companies involved with the lubricity problem requiring a test to
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rank the fuel according to their lubricating ability. In addition
fhe test is also required to detect the presence or otherwise of
lubricity improvers such as Hitec E515. Most of the results obtained
and given in Chapter 3 enable a direct comparison to be made between
fuels with and without the addition of Hitec E515. The comparison
is illustrated in figure 3.9 for 2 mm diameter pins. It can be seen
that there was very little difference between the wear rates for the
two samples over most of the load range. Seizure did occur with

the hydrofined fuel at a load of 15 Kg. A similar comparison can

be made for the 3 mm diameter wear pins (figure 5.1). It can be
seen that the additive has an apparent pro-wear effect up to a load
of about 12.5 Kg. This apparent pro-wear effect was again observed
in tests varying the concentration (Table 3.1). However if the

test was allowed to run for sufficient time then zero wear was
observed. Other workers have found this pro-wear effect of Hitec
and arrived at the conclusion that their tests have failed to rank
fuels. It can now be seen that the ranking of a fuel depends on

both the test conditions and on the du;atiop of the test.
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Figure 5.1. Comparison between fuel (a) with and (b) without Hitec

E515 - 3 mm diameter wear pins @ 0.62 ms-1.
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.4 standard statistical analysis on thirteen wear results gave
the mean wear rate for the fuel with Hitec greater than that for
Hydrofined fuel at a load of 1C Kg and 0.62 ms-1 again suggesting
the additive has an initial pro-wear effect. However the spread of
results vas quite large hence reducing the significance of this
result. Non-parametric statistics (74) suggested thzat the two
samples could not be ranked with respect to wear rate at this
particular load and speed. A more significant analysis may be
obtained at 15 Kg load and 0.62 ms'-“| but at present there is
insufficient data to carry out this analysis.

Surface roughness of the pins and disks has been shown to
influence the magnitude of results obtained. This is one of the
factors which produced the spread on the results (see figure 3.10).
L significant set of results was found for different disk surface
roughnesses (figure 3.8) using hydrofined fuel containing Hitec
E515. The normal roughness disk (c.l.a. better than 0.0254 um)
produced a wear curve with a definite transition point when using
fuel with Hitec. 4 similar transition point was observed for a
higher surface roughness disk (figure 3.8) An estimate of the
frictional heating from the frictional force and speed, gives the
same value at each transition point. At the higher roughness two
wear rates could be measured giving rise to the two curves shown in
figure 3.8b. This can be explained in terms of surface segregation
of aluminium and will be left until later in this Chapter. For a
hydrofined fuel no transition point was observed figure 3.7) and
seizure occurs at high loads.

The surface analysis has shown that the aluminium content of
the bronze was having an effect on the wear rate. For hydrofined
fuels aluminium enrichment was observed in some cases (figure 3.35)

and when Hitec was present aluminium depletion occurred (figure 3.29)
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resulting in low wear, It was for this reason that some wear tests
were carried out with duralumin wear pins. Fuels without Hitec
egain produced seizure at high loads whereas when Hitec was present
this wes prevented. The effect of additive concentration in this
case was to produce a steady decline in wear with increasing
concentration until sbout 40 p.p.m. At the 4C p.p.m. level the
additive was again seen to be pro-wear, an effect which persisted
on dilution of the fuel. It will be quite important to bear this
result in mind when the evidence from the surface anslysis is
discussed. It may alsoc be noted that these concentration results
were much more stable than those found with the bronze where there
was a dramatic reduction in wear as the concentration was increased.
Finally the results from the dry wear tests show a steady
increase of wear with load, as in the case of additive free fuels.
The wear rates were much higher for these tests compared to tests

with hydrofined fuel and seizure occurreé at a lozd of 5 Kg.

5.3 Sample analysis

5.3.7 Auger electron spectroscopy

Auger electron spectroscopy was found useful for detecting thin
surface layers on worn samples. £ thin layer of carbon was found
for surfaces worn in the presence of kerosene and Hitec. Some
surface decomposition of this thin film may be occurring because of
the electron beam. This is apparent from the modifications found in
the Auger spectra (figure 3.24) and is confirmed by the work of
Pepper (75) in which modifications to transferred polymer on steel
spectra were observed. This will be important if Auger peak shapes
are used to indicate the chemical state of the surface. Any change
of chemical state of the surface film can present a number of

difficulties. The interpretation of the spectra is one problem but
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chemical reaction can also have an effect on the sputtering rate of
the elements concerned. If a film is loosely bound to the surface
cefore the beam is applied then afterwards, when chemical changes
have occurred because of the beam, then the remzining products will
be tightly bound to the surface and consequently take longer to
remove by sputtering. Sputtering itself can cause changes to occur
at the surface and ion implantation also has an effect (76). These
factors determined the operating conditions selected for the Auger
analysis and for the sputtering. £ 2 KeV electron beam was chosen
as & reasonatle energy to minimise surface reactions and at the
sare time give a reasonable high energy spectrum (around 1 KeV).
Similarly 400 eV Xenon ions produces reasonable sputter yields with
low implantation and tolerable surface chemical changes (77).

One of the problems associated with the above working
conditions was the resolution of the aluminium Auger peak.
However aluminium was identified by plasmon loss and plasmon gein
peaks. Durfour et al (78) found peaks at 34 and 52 eV with
oxidised aluminium. Suleman and Pattinson (63) found that as
aluminium was oxidised a peak appeared at 57 eV. Under saturation
oxidation conditions the 57 eV peak shifted to 54 eV with new peaks
at 45 eV and 36 eV. A1l these peaks were observed on the surfaces
analysed in this work. This does not mean that aluminium oxide was
involved in the wear process. If free aluminium comes to the
surface during wear then as soon as wear is stopped, and the
surface exposed to 1abcratory atmosphere, then oxidation will occur,

4 similar problem was found with the chromium Auger peak when
analysing the steel surfaces. In this case the main chromium peak
is masked by the oxygen jAuger peak. Peaks were found at energies
481/482 eV, 520 eV and 536 eV which were assigned to chromium oxide.

This is in agreement with the work of Ekelund and Leygraf (7S) who
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studied the oxidation of single crystals of chromium. Stoddart
and Hondros (8C) found similar results when working with stainless
steel thus giving more support to this interpretation of these
Auger peaks,

The above factors along with the masking of the nickel by
copper Auger peaks makes it difficult to obtain complete depth
profiles of the elements present on the surface. Treatment of
results to obtain profiles has, in any case, problems. Calculation
of relative atomic concentration involves cross-section data for
the particular transitions analysed. The cross-section data
available is sparse and obtained using gaseous samples (81, 82).
dovever a plot of peak-to-peak heights against depth can be
misleading so it was considered that some treatment of results was
necessary. Provided this treatment is applied to each sample then
comparisons can be made between profiles and this cdoes in fact
produce reasonable results as shown in figures 3.26 and 3.27. The
profiles are plotted with concentration against the product of
sputter current and time. The latter is proportional to depth,
but the proportionality is different for each element because of
different sputtering yields. Conversion to depth in micrometers
requires the assumption that the surface is uniform and that it
coneists entirely of the element under consideration (so that the
rublished sputter yield values can be used). This gives a
reroval rate of 0.7 x 10_10 metres per microamp minute for copper
(see Appendix II). Zince no other method of determining the
iepth recoved was available on the spectrometer, it was thought

preferable to plot the profiles as given in Chapter Three.

S5+2.2 ZIlectron frobe Microanalysis

The iuger technigue is useful for studying the first few
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surface atomic layers but for thick oxide layers the sputtering
time required becomes excessive under the conditions used for these
experiments. Elément distributions over the surface were not
obtainable with the present instrument. The electron probe gives
X-ray elemntal scans for all the elements concerned except carbon
and oxygen and so the results from the two instruments become
complimentary. Taper sectioning the samples proved to be useful
in identifying the difference between the surface layer and bulk
material. These surface layers were often thin enough for the
prébe beam to penetrate and for a contribution to the X-ray count
to be made from the bulk. This makes quantitative analysis
difficult. FHowever, as with the Auger work, comparisons between
samples were easily made. /nother problem with this instrument was
the aralysis of curved samples, in particular piston rig bore
samples, which could not be accurately positioned in the sample
chamber for analysis. This arose because of the design of the
chamber which could not be readily modified. These samples could
be more readily analysed using energy dispersive analysis of L-rays

on a scanning electron microscope.

5.3.3 Fuel Analysis

The main aim of the fuel analysis was to obtain a rapid
assessment of the differences between samples by a relatively simple
method. Gas chromatography was thought to be one possible method
of doing this with the added advantage of requiring only very small
sample velumes, Blok et al (37) and Hillman et al (36) have
developed metheds of dimer acid extraction and chromatographic

nalysis to detect Hitec in fuels. In the present work it was only

[1h)

intended to "finger print" the fuels ccnsequently the complicated

procedures used by Blok and Hillman would be avoided. Monitoring
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the fuels in this way it was hoped that any significant changes in
wear between two fuels of the same batch might be correlated to
changes in the fuel. TFurther it was hoped that Hitec might be
detected in hydrofined fuels. Unfortunately only large changes in
fuel composition (recognised by a change from a clear transparent
fuel to a yellowish fuel) could be detected (figures 3.37(a) and
(b)). The detector used, a flame ionisation device, was
insensitive to the small quantities of Hitec in the fuels. A
better detector for this work might be the flame photometric device
developed by Brady and Charney (83) but this might prove to be
over sensitive since it can detect one part in 109 of phesphorus.
This in fact would give a means of detecting Hitec in fuels but
would be pocor for detecting other lubricity improving agents such
as aromatics.

Ellipsometry was found useful for determining the temperature
at which adsorbed Hitec dissociated from a silver surface but could
not be used as a method of detection, for the additive, at the
levels found in aviation fuels. Film thickness measurements, by
this technique, would have been useful on the bronze and steel
surface for depth calibration of the Auger profiles. ©Solutions are
available for the equation of ellipsometry providing a sharp
transition exists between the film and substrate (84). 1In cases
where chemical reaction occurs (as with Hitec on aluminium bronze
or steel) it becomes difficult to select a value for the refractive
index of the film which is necessary for calculations of film
thickness. Consequently experiments carried out in this work were

primarily to determine the desorption temperature of Hitec.

5.4 Influence of Surface Metallurgy on the Friction and .ear Results

In section 5.5.2 it was suggested that aluminium segregation

was having an effect on the magnitude of friction and wear. The
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particular case of a series of tests with fuel containing Hitec gave
a wear rate against load curve which split depending on whether the
test gave a high wear rate or low wear rate (figure 3.8(b)). Other
tests have produced periods of high friction and wear (figure 3.36)
interspersed between periods of low friction and wear. Generally
the surfaces from high friction and wear periods have been a bright
aluminium bronze colour (figure 3.15) and analysis has shown them to
be free from oxides (figure 3.26(c) and (d)). This applies
particularly to tests carried out with hydrofired fuels.

The presence of Hitec produced surfaces which are partially or
entirely copper rich (figure 3.15 and figu?e 3.29). This has been
in the form of an oxide layer as shown by wear debris analysis and
the presence of oxygen in the Auger depth profiles (figure 3.26(b)).
A copper rich oxide layer results in low friction and wear. The
formation of this layer occurs when the additive is present and in
that case a pro-wear effect is observed because of an increased
rate of removal of aluminium. This is shown by the presence of
aluminium phosphates and phosphides in the wear debris (Tatle 3.4).
The formation and removal of such a layer can lead to periods of
high friction and wear with periods of low friction and wear
interspersed.

These findings now give an explanzation for the scatter of
results. The same pin is used in the dwell test technique for both
hydrofined fuel with and without Hitec and is used for meny tests.

A great deal of work has gone into cleaning methods, particularly
for the disk, but little attention has been paid to what is
haprening to the wear surfaces during the tests (10). It is now
obvicus that the segregation of aluminium at the wear pin surface
has an important influence on the results obtained and so this

should be carefully monitored.
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Work carried out at the British Petroleum Research Centre (10)
resulted in the conclusion that the phosphate component of Hitec
E515 was unlikely to play any part in protecting the surfaces against
wear. It was suggested that there was a chemical reaction between
the dimer acid and the metal surfaces. Although the latter is true
the present work shows that the phosphate ester reacts with the
aluminium content of the bronze and acts as an extreme pressure
agent at high loads., The extreme pressure affect contributes to
the reduction in wear rate at high loads as shown in figure 3.8.
This reaction between phosphorus and aluminium would appear to be
the cause of the pro-wear period seen when Hitec is present in the
fuel. Phosphorus has been shown to be present on bronze and steel
surfaces under static conditions (figure 3.43).

Changes in the distribution of aluminium in the bronze during
wear may also be a contributing factor in the incorrect ranking of

fuels (10).

5.5 Correlation between laboratory and "in service' results

The samples analysed, using various physical techniques, have
shown the same general trends. A failed aircraft fuel pump piston
had a relatively large amount of aluminium on the surface (figure
3.36)s 4 similar situation was found in the case of a piston
failure produced in a simulation rig. The bore from this test was
alsc analysed and three distinct regions were found (figure 3.36)
one of which was normal bronze, another aluminium depleted and
one region aluminium rich (fizure 3.36(a)).

wear pins showed a depletion of aluminium when the additive
was present (figure 3.29) and a normal aluminium bronze appearance
when a hydrofined fuel was used to lubricate the system. From

these results it can be seen that field experience, simulation rig
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and pin-on-disk systems have shown that migration of aluminium
occurs and that this is important in the wear and seizure mechanisms.
Hydrofined fuels produced high wear or seizure in both the
pin-on-disk wear tests and in the pump simulation rig. The presence
of Hitec E515 was found to reduce wear in both the simulation rig
and the pin-on-disk machine. In the latter case there was a pro-

wear effect before the benefit of using Hitec was observed.

5.6 Surface Metallurgy

5.6.1 The Structure of Aluminium Bronze and KEA961 Steel

In order to understand how seizure occurs in the aircraft fuel
pump it is necessary to aﬁpreciate the structure of the metallurgy
concerned, and how the components of these structures may
interact with one another.

Figure 5.2 shows the phase diagrams for the aluminium bronzes
according to Coock et al (85). The bronze used in this work
contained 11% aluminium so the structures present are seen to be
essentially « and K phases with & phase at temperatures below
600°C. Sury and Oswald (86) have described and can contain up to
55. by weight of iron. If the tungsten is present then this will be
incorporated into the carbide by direct substitution of the iron or
chromium (87).

The structures found in complex iron-nickel-copper-aluminium
alloys o« , B and & are used to describe the random face-centred
cubic, random body centred cubic and 8 -brass structures. The K
phase is believed, by Cook et al, to be an ordered body-centred
cubic structure. Sﬂry and Cswald state that a structure of the
CrCl form (figure 5.3) is found, it being a compound of Fe, Ni, Cu
and 2l. The 8 -brass structure has a complex unit cell containing

some 54 atoms (this is illustrated by Hume-Rothery and Raynor (87)).
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The KE 961 steel is a complex mixture of iron, carbon (1.5%),
chromium (12.5 to 13.5%) with other trace quantities of silicate,
manganese and tungsten (all about 0.5%). The tungsten is absent
in the KE180 steel used for the disk. At the 1.5% carbon and 1%
chromium levels carbides are formed in the alloys (88). A ternary
alloy of iron chromium and carbon consist of a body centred cubic
structure of chromium and iron in solid solution and a carbide of

the form Cr,?C3 which is trigonal (89).

5.6.2 lear Mechanism in the absence of Hitec Z515

The results have shown that when the aluminium bronze is worm
against steel in the presence of a hydrofined fuel then a wearing
surface is maintained which is not oxidised, has no boundary
lubricant film on it and in some cases aluminium enrichment occurs
at that surface. This enrichment is associated with high friction
values. Aluminium was also observed on the steel surfaces in
quantities that occur in the bronze. This suggests a prefgrential
transfer of the aluminium from the bronze to the steel. A similar
situation has been found by Dzhevaga and Lebedev (9C) when welding
aluminium bronze to carbon steels. They found that copper and
aluminium became alloyed with iron in the steel. After annealing
for 50 hours at 90000 they found that, in certain regions, the
concentrations of aluminium was 14 to 17, With the steel they
used they found that the iron and carbon had diffused towards the
bronze. After annezling they suggest an intermetzllic compound of
the type FQBAI forms.

In the present work the steel also contains chromium with
which the aluminium and copper can react to form an intermetallic
compound or primary solid solution. A number of factors determine

which elements will preferentially combine with which to form these
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compounds or solutions. The diffusion of a given element through
any other element depends on the size of the atoms, and the rate of
diffusion on the Kirkendall effect (91). Considering each of these
parameters in turn, it has been found erpirically that when the
atomic diameters of the sclvent and solute are within 1%: of each
other the elements will go into solution (87). Smigelskas and
Kirkendall (91) electrorlated alpha brass with copper and at the
interface between the copper and brass had a series of molybdenum
wires. In this way they showed that the diffusion rate of zinc is
much greater than that of copper in alpha brass. Further they
demonstrated that the interface shifts, to compensate at least
partielly for the difference in diffusion rate.

Another factor which measures the ability of elements to combine
is the electronegativity, which expresses the power of an element
to attrect electrons to itself when present in a molecule or
aggregate of unlike atoms. ILarge differences between the electro
electronegative values of atoms normally means that a stable
compounc. forms in preference to a solid soluticn. In these
compounds each ztom forms more bonds with the other element than
with its own kind. The difference in electronegativity is about
O.5 units on the electronegativity scale for an intermetallic
compound to form at the expense of a primary solid solution (92).
Taking the above parumeters into account the processes by which
wear, and seizure, occur can now be investigated.

Consider what happens when two asperities interact, as they
approach there will be some fluid in the space between the metals
(figure 5.4(a). The kerosene is squeezed out from between the two
surfaces as the asperities get closer, because shearing of the
weakly bound molecules occurs, resulting in contact of the

asperities (figure 5.4(b)). During contact frictional heating
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occurs and the temperature rises sherply zs in the dry wear case.
Temperatures in the range 180°C to QGCOC, were found under dry wear
conditions, are similar to those measured by Furey (5%). Since the
cooling effect of the fuel is negligible the same temperztures would
be expected in this lubricated situstion. It is noted thet the sape
difficulties of interpretation of the output, from the rresent
thermal junction, exist as for those measured by furey. However
such & temperature gradient would be sufficient to enhance diffusion
of the aluminium content of the bronze. Transfer of free aluminium
te the steel could cccur, by the Kirkendall effect, at the irterface
(figure 5.4(c)). Zven if the temperature was not as high as
suggested adhesion would occur at the interface due to bonding
between the atoms at the clean metal surfece. Cbviously when
bonding occurs over sufficiently large areas seizure of the two
surfaces takes place. The fact that the aluminium content of the
bronze ckanges has been shown by examination using the electron
probe and Auger spectrometer.

The question now arises as to the most likely interaction of
elements present at the interface. Electronegativity and the atomic
size factor determine the type of interface formed. Table 5.1 shows
the difference in these parameters for combinztions of the various
elements present at the surfaces. The atomic size reqguirement for
the formation of a solid solution are met, but in cases involving
eluminium the tendency is for large percentage differences to exist.

Most of the electronegativity values suggest that primary
solid solutions would be formed by the various combinations
considered except for aluminium with copper, iron and chromium. The
latter cases have electronegativity differences which suggest
intermetallic compound formation would be more likely with these

elements. Dzhevaga et al suggest that an Fe_A1l type compound may

3
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TLBLE 5.1 FACTCRS DETERMINING BONDING OF ELENENTS
DIFFERENCE IN % DIFFERENCE IN
COMBINATION | ELECTRONEGATIVITY | ATOMIC DIAMETER
Al - Cu 1.6 9.8
Al - Fe i 057 13.4
Al - Cr 1.9 11.97
Al - Ni 0.3 12.7
Cu - Fe Gl 3.9
Cu - Cr 0.2 2.3
Cu - Ni 0.2 3.1
Fe - Cr 0.2 1.6
Fe - Ni (o) C.8
Cr - Ni 0.2 0.8

form in the interlayer region of a welded joint but only after
a prolonged annealing at 600 to 700°C. A similar process can be
considered to be occurring at the wear surface because during
contact high temperatures are reached which produces a modification
in the crystal structure (in this case by diffusion of aluminium)
resulting in a softening of the surfaces. The values in Table 5.1
suggest that Cr3A1 and Fe3A1 type compounds will be formed at the
interface, whilst any transferred copper may form a solid solution
with the ferrite structure, or iron and chromium carbides in the
steel. Copper has been observed on the piston surface (figure
3.36(b)).

Once the two surfaces have bonded together a number of
alternatives arise. Firstly the bond will break due to the
driving force being sufficiently large. However, repeated contacts
will cause sub-surface fatigue cracking and wear debris will

eventuzlly be produced. This will then leave transferred bronze on
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the steel with bronze debris appearing in the fuel (figure 5.4(d)).
The latter has been shown to occur by the use of X-ray powder
analysis (Table 3.4). Alternatively the driving force will be
insufficient and seizure will occur.

Note that the above processes will apply to only a limited
number of asperities since the fuel will provide some lubrication
between some of the asperities which would otherwise contact under

dry wear conditions.

5.6.3 General .ear Mechanism in the presence of Hitec E515

Physical methods of analysis have revealed that, in the case
where Hitec E515 is present, aluminium is removed from the bronze
surface. In this case no seizure occurs and the wear debris is no
longer aluminium bronze.

Consider two asperities approaching each other with components
of Hitec present on each surface. The Auger spectroscopy has shown
that a carbon layer exists on the surfaces, and X-ray analysis
revealed phosphides and phosphates in the wear debris, when Hitec
is present. This suggests that both the dimer acid (long chain
polar molecﬁles of dilinoleic acid) and the phosphate ester
component have an effect on the wear process. Figure 5.5(a)
illustrates this initial situation with one layer of dimer acid
been shown for clarity, although there may be multilayers on the
surface as proposed by Allen and Drauélis (62) and by Fuks (93,
94). As the asperities approach the boundary film experiences
increased shear and when contact occurs the surface temperature
increases. If the increase in temperature due to shear or contact
exceeds 80°C then the dilinoleic acid will desorb from the surface,
as indicated by ellipsometry, allowing contact. Contact may also

occur, in regions where the base kerosene is present rather than
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the additive, in a manner similar to that described in the previous
section on hydrofined fuels (figure 5.5(b)). Fuks (94) points out
the influence of the base solvent in boundary lubrication films. If
the temperature remains relatively low the situation would be that
the asperities would be prevented from coming into contact, there
being effective boundary lubrication. The contact produces a
further increase in temperature which brings about dimer acid
desorption, aluminium diffusion to the surface and reaction of the
phosphorus component of the additive with the surfaces.

That the aluminium content of aluminium bronze is attacked by
acids has been shown by Schussler and Napolitan (95). Siry and
Oswald (86) have shown that a sodium chloride solution will
preferentially corrode the aluminium phases in the bronze. It is
thus reasonable to suggest that a similar process is occurring here,
through the action of the ester of ortho-rhosphoric acid on the
surface. The difference in electronegativity between aluminium and
phosphorus is 0.6, suggesting compound formation occurs more readily
between aluminium and phosphorus than with any other combination of
phosphorus with the other elements present. The presence of
phosphates and phosphides in the wear debris suprorts this
hypothesis (Table 3.4).

The ester of ortho-phosphoric acid may break up, in the contact,
by mechanical shearing or due to an increase in temperature. This
releases the phosphorus which can then react with the aluminium
preventing its transfer to the steel surface. That temperature hss
an influence on this mechanism is supported by the increased presence
of phesphorus on the rougher surfaces (figure 3.16) where higher
temperatures might be expected. The diffusion of aluminium 2nd its
reaction with phosphorus is illustrated in figure 5.5(c).

The bronze surface will now have a copper rich layer (figure
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5.5(d) because of the diffusion of the zluminium ané corrosicn effects
of the ortho-phosphoric acid. This leyer can be oxidised to form
cuprite as shown by the wear debris analysis and indicated by the
fuger results. Oxidation mey arise from, free oxygen in the fuel,
residual products from the breakdown of the ortho-rhosphoric zcid and
from reaction with the COOH group of the dimer acid. As this oxide
layer builds up copper oxide will be observed in the debris along with
the phosphates and phosphides (figure 5.5(d)).

Finally as the asperities come out of contact they will be cooled
and dimer acid can re-adsorb onto the surface giving protection once
again (figure 5.5(e)).

This simple model can be used to explain some of the friction
and wear measurements. The pro-wear effect of the additive is seen
as the corrosive removal of the aluminium content of the bronze.
Ultimately a sufficiently thick copper oxide layer is built up and
this, combined with protection afforded by the dimer acid, results
in low wear. If the oxide layer is removed then periods of low
friction and wear will be interspersed between high friction and wear.

The above model explains the wear processes occurring for the
wear curve, up to and including, the transition point.(figure 3.8).
Beyond this point the wear debris contains some copper suggesting
that the loads are high enough for the depleted layer to be removed
before oxidation. Further only phosphides are present in the wear
debris, particularly aluminium phosphides. In this case it would
appear that chemiczl reaction, of the phosphorus with the surface,
prevails resulting in a2 reduction in wear rate. This is typical of
an extreme pressure action.

Two wear rates could be measured in the same test, or
separately in different tests under the same conditions, when the

disk surface roughness was increased to 0.6 pm c.l.a. (figure 3.8).
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This would appear to be a result of the concentration of zluminium

at the surface as shown by the electron probe microanalysis.

5.7 Theoreticel Considerations

Various theories for boundary lubrication were reviewed in
Chapter One. To briefly reiterate, it was noted that most of the
workers had tended to concentrate on one aspect of boundary
lubricated wear (42, 4%, 44, 53, 54, 55). Kingsbury and Rowe (L2,
LL) have looked at the protection of the surface, by the adsorbed
molecules, in terms of the fraction of the surface prevented from
coming into contact. Guptza et al (55) developed a theory based on
the relationship between hydrocarbon chzin length and wear rate.
Their theory has been shown to work for the specific case of a
steel-on-steel system and, like the theories of Kingsbury and Rowe,
takes no account of oxidation of the surfaces. The model proposed
by Sakurai et al (54) was based on the assumption that the load was
supported partly by metal-to-metal contact and partly by a
hydrodynamic film and go appears to ignore boundary lubrication.

In view of the shortcomings and specific applications of the
above theories an attempt was made to develope a new theory for the
current work. Oxidation, which has been shown to play an important
role in the wear of aluminium bronze on steel, has been taken into
account in the new theory along with a term for the fraction of
surface protected by the additive. 4 large number of variables are
incorporated into the wear equation so derived, some of which are
interdependent. This means that in order to produce a manageable
equation assumptions had to be made about a number of parameters so
that they could be assigned constant values. Oxide film thickness
was one parameter which was assumed to remain constant. Quinn (96)

gives evidence for this for the dry wear case of steel-on-steel
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provided a single type of oxide is present on the surface. The
latter is true for the present work where only copper oxide (Cuao)
was observed in the wear debris. An average value of this thickness
was estimated from electron micrographs and then used as the
constant value in the wear equation.

The time of vibration of a molecule on the surface was
-assumed to be the same as that measured in gaseous samples under
static conditions, which may not be true for the dynamic wear
situation. It was assumed that the lattice spacing or molecular
diameter was dependent on the size and orientation of the ring
structure in the dimer acid. Assuming a circular molecule, an
estimate of the molecular diameter was made ‘from the data of Dacre
et al (41). This gave a value of 10"9 M for the meclecular dizmeter
for a2 molecule orientated perpendicular to the surface.
Consequently this value was taken to be constant in the wear
eguation.

Cther parameters could be more easily assigned values leaving
the number of contacts, the surface temperature and Arrhenius
constant to be varied in order to find solutions for the equation.
These three variables are unfortunately interdependant. It was
founéd that a reasonable solution to the wear equation could only be
obtained if the Arrhenius constant was very different than that
measured for copper under static conditions. Considering the
nature of the sliding system, where fresh metal is continually being
exposed for oxidation, this may not be as bad as it first appears.

Cuinn, Sullivan and Rowson (97) have proposed reasons for
g the static value of the activation energy for oxidation,
and changing the value of the Arrhenius constant, for dynamic wear
systems. Justification for keeping the activation energy constant

the same, for the dynamic as the static case, is made with respect
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to the theory of Cabera and Mott (98). Quinn et al suggest that the
oxidation process consists of two stages. The first depends on
electron transfer followed by electron tunnelling of the potential
barriers of the surface and sub-surface atoms. This affects about
ten molecular layers because the probability of tunnelling decays
exponentially with oxide film thickness. The proposed second stage
is one of thermal diffusion of metal or oxygen atoms or both. This
means the rate of oxidation is dependent on the Arrhenius constant
through the diffusion coefficients of the metal and oxygen atoms in
the oxide. Kubaschewski and Hopkins (99) show that the value of the
Arrhenius constant is influenced by many factors such as the number
of voids and dislocations present, surface conditioning and partial
oxygen pressure. Consequently, since these factors are subject to
change under wearing conditions it is reasonable to assume that the
value of the Arrhenius constant will change. Variations from 105

to 1016 M'h S'1 were found for the Arrhenius constant for the various
dry wear conditions studied by Quinn et al (97).

An optimum value of 1.3 x 106 Kg M'][+ s~ was found for the
Arrhenius constant when using a load of 10 Kg for the wear tests in
this work. The use of this value enabled the number of variables to
be reduced to two in the wear equation. If, as with the dry wear
case (100), a value, or series of values, of the number of contacts
could be determined experimentally then improved solutions could be
found for this wear eguation.

The present work leaves us with the situation that there are an
infinite number of alternative values of number of contacts and
surface temperature, within a narrow range, which are possible
solutions to the equation. The above values can be obtained from a

computer programme which compares the calculated wear rates with

F

experimental data. In this way the range of possible values can be
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reduced making predictions of number of contacts and surface
temperature more acceptzable.

The theory as developed so far can be criticised in that it
takes no account of the segregation of the zluminium from the bronze
or of the corrosion due to the ortho-phosphoric acid. However, it
is difficult to incorporate these effects at this stage in view of
the probvlems of solving the present equation. If the behaviour of
the phosphate ester was assumed to be similar to that of the dimer
acid, then another exponential term could be added to the egustion.
The heat of adsorption term would take a wvalue for phosphorus
adsorbed onto the surface in this new term. Similarly yet another
exponential term would have to be introduced for the diffusion of
aluminium to the surface. These terms would obvicusly make the
eguation unmanageable.

Although a theory could be developed for boundary lubrication,
using Suh's theory (70) as a starting point, as shown in section 4.5.3
of Chapter 4, it could not be easily solved. Most of the work
carried out relating to Suh's theory has been experimental
verification that delamination type wear sheets exist. Nothing
however has been published so far on the numericzl solution of the
delamination wear equation. In particular no values are available
for the constants K, and K, which depend on the surface topography
according to Suh and the form of this dependence is not stated in the
original publication of the theory.

Oxide file thickness is assumed to be negligable for the
delamination wear theory and like the other theories discussed does
not tzke into account any corrosion or diffusion processes.
Consequently although the theory might be applicable to the hydrofined
fuel situation it cannot be used for the fuel with additive and even

in the case of hydrofined fuel the problem of numerical values for

the constants still remains.
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CEAPTER 6

CONNCLUSICNS AND RECCMMENDATICNS

Conclusions can be drawn from the present work which hss been
cerried out in three main areas. These areas are (i) the wear tests
(including piston rig tests and field experience), (ii) the
analytical tests used in studying the surfaces, fuel and wear debris
end (iii) the development of the boundary lubricated oxidational wear

theory.

6.1 iear Tests

Stribeck curves are useful for determining the conditions under
which the wear test machine should be run to obtain boundary
lubricated conditions. Experiments have indicated (figures33,34) that
they might prove to be a means of ranking fuels and show where the
fluid film brezks down at high speeds.

It has been found that extended wear tests (greater than 90
minutes duration), were necessary to establish a wear mode and to
reveal the beneficial aspects of the addition of Hitec E515. These
runs have been longer than those used by other workers who may have,
in view of the present results with Hitec, been mislead by the
aprparent pro-wear effect when the additive is present. A correct
ranking of fuels can thus only be obtained if tests are carried out
for a sufficient length of time.

Although the scatter of wear results is quite large, for a given
fuel, differences between fuels with and without additive can be
observed if a wear rate against load curve is plotted. The plotting
of this type of curve also serves a useful purpose in that selection
can be made of a small number of samples for detailed analysis.

Further, any transitions in the wear curve can be observed which can



- 185 =

assist in determining the processes occurring at the surface, by sample
enalysis from the different regions of the curve. It is concluded
that although surface roughness contributes to the scetter in results
this was not the major cause of the scatter.

Correlation, with respect to wear measurement, between "in
service" pumps, the two-piston rig and the pin on disk machine was not
entirely satisfactory. This can be attributed to the absence of
cadmium plating on the wear pins in the pin-on-disk tests. However
the fact that problems only arise in the pump when the camium is worn
away and the difficulties in obtaining the expected type of wear with
cadmium plated pins justify the use of bronze in these tests.

Anomalies found in the results obtained from the dwell tester
have been investigated by the continued use of aluminium bronze in
this work. Consequently the present results can also assist in the

understanding of commercial tests like the dwell test.

6.2 Analysis of Samples

Optical microscopy proved to be useful for giving an overall
impression of what was happening to the surfaces during a given series
of wear tests. This applies particularly to the wear on bronze in the
present work and is not necessarily genefally applicable.

Comparisons between samples can be made using Auger spectroscopy.
The high surface sensitivity makes the instrument useful for
detecting surface films. Problems of quantification arise due to
incomplete resolution of low energy peaks but much information can
still be obtained from energy shifts in incompletely resolved
differential peaks. In general information about the surfaces can be
obtained from peak shape and from energy shifts. Other problems arise
in quantification because of incomplete knowledge about the energy

levels involved with the Auger transitions. Difficulties are also
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found in determining the area under the differentiated Auger peaks
since the peaks are sometimes asymmetric. Despite these problems
quantification does give more realistic depth profiles and the
inclusion of thepeak widths into the analysis only modified the
profiles slightly. The depth profiling is a useful technique which
permits comparisons, for example of the oxygen levels in the surface
leyers, between samples.

Difficulties were experienced in detecting aluminium with the
Auger technique. The low energy peaks were masked by copper whilst
operating conditions restricted the detection of the high energy
aluminium peaks. Alternatively the electron probe, although of no
use for detecting elements below fluorine in the periodic table
(oxygen and carbon can be obtained with careful adjustment of the
instrument), was useful for observing the distribution of aluminium
on the surfaces. Further the probe anzlyses a relatively large
volume compared to the Auger so was useful for anlysing the oxide
layers on some of the surfaces. With the Auger technique the
sputtering times required to remove these oxide layers became
excessive. Samples for the probe could be taper sectioned allowing
rapid analysis of these layers for aluminium and copper content. In
this way electron probe microanalysis was complementary to the Auger
work.

X-ray facilities on the scanniﬁg electron microscope proved
useful for analysis of curved surfaces where difficulty occurred in
focusing the probe. The S.E.M. and replicas from the transmission
microscope also revealed features on some.surfaces which could be
related to the wear mode.

Although the above techniques indicated that an oxide might be
present at the worn surfaces it was necessary to use X-ray analysis

to confirm this suggestion. The fact that oxides were present on



- 185 =

the surfaces worn in the presence of Hitec was confirmed by powder
X-ray analysis of wear debris.

Taken in isclation each of the above techniques tells us a little
about the state of the surface analysed, but together they provide a
wealth of information which can be pieced together to give a better
picture of that surface. Consequently it is suggested that it is
alvays beneficial to use as many techniques as are available for this
type of work.

Fuel analysis was generally unsuccessful with the present
equipment. A different detector, semsitive to phosphorus, on the
gas-liquid chromatography column may prove useful in detecting Hitec
through the phosphate ester component. However the latter could

'prove to be over-sensitive. Ellipsometry did show that non-chemically
adsorbed additive desorbs from silver at 80°C but is of no use for
measuring thick (greater than 1000 2) films which were chemically

reacted to the surface.

€.3 Surface Models

The use of the above techniquesenabled surface models for the
wear of the bronze, in the presence of fuel with and without Hitec, tc
be built up. This lead to an insight of the wear mechanisms for the
two cases investigated.

Hydrofine fuels allow metal-to-metal contact to occur with
consequent high temperaturés at the contact regions. These high
temperatures lead to preferential transfer of aluminium to the steel by
diffusion (Kirkendall effect). This results in formation of an
interlayer rich in aluminium which can lead to seizure if conditions
are sufficiently severe. Wear occurs at a rate which is rapid
enough to prevent the formation of protective oxide layers.

Presence of an additive introduces a corrosive mechanism which
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preferentially removes aluminium from the surface leaving the
resultant copper rich surface to become oxidised. This removal of
aluminium prevents the transfer to the steel occurring and hence
seizure is aveided. Apparent pro-wear effects can be attributed to
this removal of aluminium but anti-wear effects are observed if the

tests are carried out for periods of 90 minutes or longer.

6.4 Recommendations for experimental work

The present work has been carried out, in general, over a range
of loads at one speed. More information may be obtained if the load
range is extended to higher lozds particularly in the case where the
additive is present. Variation in speed and ambient temperature
could also be made,the latter to relatively high values (greater
than 80°C). Consideration of the temperature effect is important in
view of some of the temperatures attained in fuel systems, and it
vould be interesting to determine at what temperature protection from
the additive film breaks down under wearing conditions.

Another parameter worthwhile investigating would be the speed
at which tests were carried out. Tests at both low speed, as in this
work, and at higher speeds, where the Stribeck curve indicates film
breakdown, would be of value. Although these tests could be carried
out with and without Hitec present it would be beneficial to study
other additives, particularly those without phosphorus components,
since (a) many cthers are being approved for use as alternatives to
Hitec and (b) the phosphate ester appears to be of prime importance in
the wear mechanism for this particular additive.

Wear testing or the plotting of Stribeck curves may prove to be
a2 better alternative, for ranking fuels, than monitoring the friction
as is done, for example, in the dwell test. Further work needs to be

carried out, to show if this is so, with fuels of suspected different
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lubricity. The use of different metallic combinations would also be
interesting in this case and in studying the effects of Hitec E515. A
copper wear pin would enable results to be obtained which might more
easily be matched with the theory developed because of the absence of
the aluminium content. In other words a reduction in the number of
variable parameters for testing the theory is recommended.

The use of & number of physical methods of analysis have proved
to provide useful information for building up a model of the surface.
Alone, each technique gives part of the information but combined they
provide a more complete picture of the wearing surface. It is
recommended that this approach can be used for the study of low
lubricity fluids in general. Other techniques, not used in this work,
may also prove invaluable for this purpose. Nuclear magnetic
resonance (N.M.R.), infra-red and ultra violet technigques could be
used for the study of the fluids after wear has taken place. X-rey
photoelectron spectroscopy (X.P.S.) combined with Auger electron
spectroscopy would give more information on the type of oxide
formation on the surface. This would be extremely useful in the work
with kerosene and additives, since the Auger work showed oxygen to be
present on the surfaces but not how it was combined with other

elements.

6.5 Theory
Difficulties have been encountered in developing a theory for

boundary lubricated wear which covers all the variable parameters
found in the present work. Segregation of aluminium from the bronze
makes the problem unmanageable at the present time. The theory
strictly deals with the lubrication afforded by the fatty acid
component of Hitec E515 (standard boundary lubrication) and takes no

account of the complex reactions taking place between the metal
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surfaces and the phosphate ester component cof the additive. However
the theory does take account of the oxidation which has been shown to
take place at the surfaces. In this respect the new theory is better
then previous ones which only deal with the lubrication provided by
fatty acids. If more data was aveilable for the delamination wear
theory it is possible that a theory for boundary lubricated
oxidative wear could be developed. However the delamination wear
theory is still in its infancy even for the dry wear case so it would
seem some time before this could be attempted.

As suggested in the recommendations for further experimental
work a simpler system, of a copper wear pin-on-disk, could be used to
test the theory. This task would be made even easier if standard
boundary lubricants, such as stearic or palmitic acid, were used as
the test additives. If either measurement of number of contacts or
contact temperature (under lubricated conditions) could be made then
a large step forward would be achieved in solving the eguation.
Agein these parameters are difficult to measure (even under dry wear

conditions).
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AFPENDIX 1

Celculation of piston-bore side loads in an axial piston pump

The main force acting in the fuel pump is the normel reaction
between the slipper and camplate. This is produced by the pressure of
the fuel being pumped. To calculate the forces acting in the system

the following assumptions were made:

(1) The slipper-camplate frictional force is small. This will be so

provided that the interface is lubricated by the fuel.

(2) The slipper-piston ball frictional force is small provided that
there is adequate lubrication. However during running there
may be a phase during which the slipper ié found to stick
against the piston ball. This has been noted when pumps have

been stripped down after a period of running.

(3) The piston spring force is small. Note that the spring rate is

2 x 10—2Kg Me for a 0.7M long spring.
(&) The centrifugal force experienced by the pistons is smell.
(5) The problem is assumed to be one of rigid contact.
(6) The points of contact are assumed to be starved of lubricant.
(7) 411 forces have been assumed to act at a point.

(8) 1In order that the slipper face conforms to the camplate surface
at all angular positions it is assumed that the slipper
follows a conical path over the piston ball surface rather

than the piston rotating about its axis in the bore.

The co-ordinate system was set up as shown in figure A1(a). The
X direction was taken to be radially inwards along the camplate

surface, the Y direction as tangential to the locus circle along the
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camplate surface in the direction of motion, while the Z direction was
taken normal to the camplate angle. The angle o is the camplate angle,
© the angle from the radius through the outer dead centre (0.D.C) to
the point C on the camplate and B the angle between the normal to the
camplate surface and the line of action of the piston.

The diagram (figure A1(b)) shows the forces acting on the system.
F1 is the normal reaction force between the slipper and camplate
produced by the hydraulic piston force, P, acting along the centre line
of the piston. F1 and F2 are the reaction forces between the piston

skirt and bore and their directions are fixed by the friction angle 5252.
Summing forces along the piston axis

FcosB= P+ (F,l + Fz) cos ,02 wael k1)

and normal to the piston axis

F sinB= (F, - F,) cos ¢ v L2)

Taking moments about A

F, (b - c) cos 952 = F, (b+a=~-c) cos 2, eee (3)
From (1) and (2)

tanB = (F, - Fz) cos £, ees (&)
P+ (Fy + F,) sin g,

and from (3)

F, = (b+a=-c¢c) F

b -c¢c) e

substituting for F, in (4) from (5) and re-arranging it can be shown
that:

F2= P(b-c)tanB
(b+a=-c)(1-tanB) - (b - c)(Cos P, + Sin £, tanB)
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where b is the amount of overhang of the piston and a the length
of piston remaining in the bore. Futher P =Trpr2p where P!ia the
pressure of the fuel and R the radius of the piston orifice plate,

Also c = Pzﬂp where Ho is the coefficent of friction between the

piston and bore and R'P is the piston radius,

A similar expression can be obtained for F1.

If R = G.0127 M, P' = 12,5 MN M2, b = 0.0254,
By = 0.1 (assumed), Rp = 0.01 M, B = 150, a = 0.0254,
g, = tan™ = 5.711°
F, = 1895 N
F,= 916N

One of the assumptions made in these calculations was that the
frictional force between the piston slipper and the camplate is small.
If the slipper does not "lift off" from the camplate into full fluid
film conditions then the coefficient of friction rises to 0.08 (carbon
against steel).

The condition for the slipper to "lift off" is given by:-

Maximum pressure available xn’riz'}-w, the .1oad capacity where
r; is the radius of the slipper recess (figure A2 (a)). In figure
A2(b) the pressure P, acting to produce slipper lift off is shown
along with the important angles.

The system is equivalent to a hydrostatic bearing for which -the
load capacity is given by:

2 2
BTN
2 1n (ro/ri)

where r is the radius of the slipper.
Now A P. = W for 1lift off conditions where A, is the

effective area supporting the load and Pr the recess pressure.
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! 2 2
PTT(ro =T, 3

So TTRp2 cos Pr >
2 1n (rc’/'r:.L

using the previously quoted values for Rp, B and P with T, = 6 x 10-3M

and r, = T3 = 10-3M gives

Pr = 13.15 MN Yo

Now the supply pressure is given by

P P cosB

=]

13.32 MN M2

The effect, of this added force, on the calculztion of F1 and F2
is to change the value of B in the expressions giving these forces.
Including this force we can redraw the axes of figure A1(a) as
shown in figure A2(c). In this case OP represents the hydraulic
piston force acting along the line of action of the piston and OF
represents the resultant of the normal reaction at the slipper-

camplate interface and the frictional force in the direction of

motion. Thus OF acts at the friction angle ﬂ1 to the Z axis in the

Y-Z plane.
Iet IOFI = |OP|I=1 i.e. unit vectors
Fp° = OF° + OP° - 20F OP Cos b
= 2 =2 CosB
sz = (Fx - Px)° + (Fy - Py)2 + (Fz - Pz)a

where Px, Py, Pz are the component pressures and Fx, Fy, Fz the
component forces in the X, Y, Z directions.

e = 2+28inf, Sinc Sine - 2 Cos « Cos #

Cos B = Cos ,@1 Cos « - Sin ﬁ_.l Sin « Sine

where e is the rotor angular position. For the case of maximum

overhang of the pistons e = 0° and Sin e = O.
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Cos B = Cos g, Cosc

Given the coefficient of friction for the slipper camplate is C.08,

tan @, = 0.08 so Cos ¢1 = 0.9968.

Cos B = 0©.,9628

and tan B = C.2805
This gives F1 = 2095N
and F2 = 1014\

These results are then about 10¥ higher than the original
solution. Consequently this force should be included in the
calculation.

An estimate was alsc made for the centrifugal force acting on the
pistons since this had also been assumed to be small. Assume that the
whole mass, M, of the piston acts at a point of contact on the iy of
the bore. ILet R be the radius of the point of contact from the rotor
axis and w the rotor angular speed in radians per second.

Centrifugal force = MRVV2

For the two-piston rig w = 4100 r.p.m. M = 8.0 x 10-2 Kg and
we need to find R.

Figure A2(d) shows the radius, R to the point of contact with a
piston at meximum overhang. The length AD is the radius of the
camplate from the rotor axis. Note that the camplate angle is 15° and
the angle of the bores to the rotor axis is 15.13°.

Therefore from AADC, x + R = AD Cos 15°

and from ABDC, x = BD Cos 74.87°

where ED is the amount of overhang of the piston. Now BD = 0.026M and
AD = O.O43M. Thus the centrifugal force is about 510N. This will be
reduced by the action of the rotor on the piston in the bore.

Consequently a force of about SON would be reasonable to assume and

can be neglected.
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APPENDIX II

1. Quantitative Aurer Analysis

Chang (64) has shown that the relative concentration X; of the

ith element in a matrix of j elements is given by:

(o iy
18 =4

where Ii and Ij are the Auger currents for the ith elements and the

sum over Jj elements. The X aj are inverse sensitivity factors

defined by:-

where I is the Auger current, the subscript 's' represents a chosen
standard element and the super script 'o' represents a pure element.
The o« and o j are evaluated empirically from known standards.
In this work the'spectra obtained on the Birmingham instrument were
compared to standards from the Handbook of Auger Electron spectroscopy

by Palmberg et al (A1).

BB L 3P

Define « 5 54

i

where the superscript B refers tc the Birmingham instrument and the
other terms as previously defined. Similarly

OH . OH _ OH
o Ii = IB

where H refers to the handbook.

Also o8 B = IB

i —

B H

The problem is to find the relationship between I>, I,” and I,

and IiH' Now the Auger current is given by:
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I, = GIp N, D (Ei) r (Ep) o (Ei/p)

where G is an instrument factor, Ip the primary beam current, N the
number of surface atoms, D the electron escape depth, r a
backscattering factor and o the cross-section for a given Auger

(64)

transitition. Chang has simplified this equation by letting T,

r and G be constant terms.

So Ii a Ip U(Ei/p)

For the Birmingham system we can now write:

CxB = IB = CJ"B
1 5 5]
R
11 3

GE = IB = U'H
i [ s
1B c. B
1 -
BO
B B
H = O
2y (_s T
CCB . (=)
i i 8

B

B H H
‘Ii = crsB X U‘i X Is
o H o B IH
[ i i

The meximum normalised cross-sections can be used directly in this

equation since terms involving cross-sections are dimensionless.

This gives
B B
xy = Bs X oms X 1
B H
o
i I
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where Bs ol g S 4 s and c%SB refers to the normalised cross-
section for an arbitarily chosen standard using the Birmingham
instrument, Gth a similar cross-section derived using the handbook
and IcsH a corrected peak intensity for the selected standard element.

Direct comparison, between the Birmingham instrument and the
instrument used tc obtain the handbook spectra, is not possible without
first correcting for a number of factors. These corrections will now
be shown in the derivation of the inverse sensitivity factors.

Table I shows the corrected peak-to-peak heights of elements
taken from the handbook. The corrections are for the scale factor
used and for the cases where compounds have been used to obtain the
spectra. The latter includes oxygen, sulphur, phosphorus and
chlorine. Correction for compounds is made on the assumption that the
material analysed contains a 50%:50% ratio of the component elements.
A linear relationshipe between concentration and peak-to-peak height
is assumed and the height consequently doubled. This is a
particularly course assumption which can be seen from consideration
of the case of oxygen. The handbook achieves the oxygen spectrum
from a compound of magnesium oxide. Oxidation has two main effects.
The first is that the magnitude of one peak may increase whilst
enother decrease. Secondly an energy shift occurs.

The change in peak size for magnesium and magnesium oxide is
shown in Table II.

Unfortunately what happens to the magnitude of the oxygen peak
cannot be determined so the above approximation haé to be used. The
third correction that has to be made is for the electron multiplier
gain which varies, as shown in figure 1, for the handbook instrument.
At this stage it was also necessary to use some normalisation

procedure since this would help to account for variations in gain

with time. Since the major component of aluminium bronze is copper
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Table I Corrected peak-to-peak heights from the Handbook of
Auger electron spectroscopy
Element Energy | Scale Factor | Height Corrected Height
eV Bt Scale gompound
Corrections
Nickel 848 2.5 87 34.8 =
Aluminium 1396 2.0 133 6.65 -
Iron 651 2.5 68 272 -
Copper 920 2.5 81 22.4 -
Carbon 272 5 75 15 -
Oxygen 510 2.5 174 69.6 139.2
Sulphur 152 1 89 89 178
Phosphorus 120 2.5 81 32.4 64.8
Chromium 529 2.5 105 L2 -
Cadmium 376 1 130 130 -
. Chlorine 181 2 73 36.5 73

Table II Effect of compounds on P-P Heights

Element/Compound Peak energy Magnitude
Mg 45 1186 56.8 13.7
Mgo (Mg Component) 45 1186 19.2 22

it was decided to normalise with respect to that element. Table III
shows the corrected peak-to-peak heights when electron multiplier
gain is taken into account.

To calculate sensitivity factors it is necessary to know the
corrected peak-to-peak heights and the cross-section value for the
rarticular Auger transitions under consideration. Palmberg et al
used a 3KeV beam whereas a 2KeV beam energy was used for this work so
this has to be taken into account when determining the cross-sections.

Normalised cross-sections are plotted against the reduced energy
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Table IITI Corrected Peak-to-Peak Heights for Electron Multiplier Gain

Blevert\  LEITE ey o AOTEAS et
Nickel 848 1045 0.94 32.7
Aluminium 1396 1865 0.98 6.5
Iron €51 2022 0.91 24.7
Copper 920 1835 1,00 27.6
Carbon 272 2050 0.89 13.35
Oxygen 510 2119 0.87 121.1
Sulphur 152 1780 1.03 182,34
Phosphorus 120 1610 1.14 73.87
Chromium 529 2110 0.87 36.54
Cadmium 376 2125 0.86 111.8
Chlorine 181 1890 0.97 70.81

Ep/Ei where Ep is the primary beam energy and Ei the energy for the
transition. Table IV shows the reduced energies for a 2KeV and 2KeV

beam. The transition energies listed in this table were obtained

(42)

from the X-ray data of Bearden & Burr which is the most accurate

data so far available. Also given in the table are the maximum

cross-sections for the transitions listed.

For M shell transitions Vrakking and Meyer(ga) give the

relationshipe O = AE; - 0.8 and then show that for

Bromine T = 1.4 x 10'19 in which case since Ei for Bromine is 70.1

18 18 -0.8 for M shell

16

E,

and o = 4,19 x 10° 4

eV then A = 4.19 x 10°
transitions at least for Bromine. The equation T = 8.3 x 10"

E-‘1 056

was quoted by the same workers for LIII transitions. Figure 2
shows a graph of normalised cross-section against reduced energy for
K shell transition as given by Vrakking and Meyer. This graph was

used to determine the normalised cross-sections for the calculation
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Table IV  Reduced Energies and Maximum Cross-sections

Element E, ngzgigion Ep/E, (3KeV) Max(Ep/Ei=4x1O—20) Ep/E, (2KeV)
Nickel 854.7 L 9.51 2.2 2.34
Aluminium | 1559.6 K 1.92 0.7 1.28
Iron 708.1 L 4,24 2.97 2.83
Copper 931.1 L 3.22 1.94 2.15
Carbon 283.8 K- 10.57 16.4 7.05
Oxygen 532 K 5.64 7.5 3.76
Sul@hu; 164.8 L 18.2 27.5 12.13
Phosphorus | 1322 L 22.69 Y 15.13
Chromium 5745 L 5.22 4,1 3.48
Cadmium L03.7 M 7.43 3.45 k.95
Chlorine 200.0 L 15.0 _ 22 10.0

of the inverse sensitivity factors. Values for the cross-sections
quoted for carbon and oxygen, were determined by Glupe and
Mehlhorn(71). One problem with these results is that Glupe and
Mehlhorn used gaseous samples but do not say whether they measured their
cross-sections relative to any particular element. Vrakking and Meyer
however again used gaseous samples and measured relative to carbon and
chlorine. The fact that gaseous samples were used is a further
complication when trying to apply the data to solid specimens.

Table V shows the normalised cross-section data obtained from

Vrakking and Meyers graph (figure 2).
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Table V Normalised cross-section values

Element Ep/E, (am) | "3 | on | Bp/E, (mm) e
Nickel 168.5 90 0.84 2527 106.75 | 0.99
Aluminium 92.2 51.25 | 0.30 138.2 75.5 | 0.7
Iron 203.8 | 104 .97 318.2 105.25| ©.98
Copper 154.8 84.25 | 0.78 231.8 104.25 0.97
Carbon 507.6 9k 0.87 761.0 83.75| 0.78
Oxygen 207.7 107 0.99 L06.1 103 0.96
Sulphur 873.4 78 0.72 1310.4 61 0.57
Phosphorus | 1089.4 68.75 | O0.64 | 1633.7 53.25| 0.49
Chromium 250.6 | 106.5 | 0.99 357.8 105.5 | 0.98
Cadmium 356.5 105.5 0.98 $35.0 94,25 | 0.88
Chlorine 720 86.25 | 0.80 | 1080.0 69 0.64

Note that in this case normelisation has been with respect to the
maximum cross-section at Ep/Ei = 4 x 107%°, There is some
Jjustification for tgking T values for L23 transitions‘from this
graph since the data for sulphur, phosphorus and chlorine, obtained

by Vrakking and Meyer, fit this curve.

Previously we had the equation

ab ooy 9T w1
o 4 B e o8
o Ii
Where
B H
Bs . g 2 Is
H

Therefore B5 = 22.2 by using values for the table of normalised

cross-sections with copper as the standard.



- 214 -

«® = 22.2 Cip x I
B "

O
in Ie

The cxiB's could then be calculated and again normalisation carried
out with respect to copper.

The use of peak-to-peak height in the above analysis was an
approximation to the Auger current as suggested by Southworth (43).
A better measure is the area under the peak. Taking this into
account with the corrections applied as given for the simple peak-to-

peak height calculations the BB is given by:

and Iw is the peak width.

/
For copper Bs = 91.2 and o:iB is given by:

H
!
c:f . A g !
B T7H
®in lic
and
g 8 UE
Iie = I X I,

Table VI shows the calculated sensitivity factors (a) using peak-to-

peak heights, oriB, (b) using peak-to-peak heights multiplied by half

the peak width, OtéB and (c) the sensitivity factors normalised to .
iron using peak-to-peak heights, ocfifB .



- 245

Table VI Sensitivity Factors

o H . E B / /
Element in 1nB Iio IHu/Z &, aiB a;B
Nickel 0.99| 0.84| 32.7| 3.5 |0.8 0.94 0.943

Aluminium | 0.7 0.3 6.5 3.5 |7.97 9.33 |10.2L

Iron 0.98 | 0.97 | 24.7 | 2.5 |0.91 1.49 1.0
Copper 0.97 | 0.78| 27.5| 3.5 |1.0 1.0 1.4
Oxygen 0.96 | 0.99 {121.1| 2 0.18 0.365 | 0.358

Sulphur 0.57 | 0.72 |183.3 | 2 0.096 | 0.197 | 0.272
Phosphorus |0.49 | 0.64 | 73.9 | 2 0.23 0.473 | 0.799
Chromium ]0.98 | 0.99 | 26.5| 2.5 |o.6 | 0.988 | 0.61

Cadmium 0.88 | 0.98 [111.8 | 1 0.18 0.732 | 0.177
Chlorine 0.64 | 0.8 70.8 | 1 0.25 0.686 | 0.7
Carbon 0.78 | 0.87 | 13.3 | 5 1.49 %.22 1.586

2. The relationship between the product of sputter current and

sputter time to depth of surface removed

Assume that each atom is singly ionised so that the number of
ions per second per square metre corresponding to one microamp per

square metre can be obtained from the following:

current = char
time

T = 106 9 coulombs
t seconds

If one electron flows per second for each singly ionised atom then
the current flowing is 1.6 x 10™19 atoms. So 1 electron/second

gives 1.6 x 1013 A

THA = 102 electrons
1.6 sec
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Since we assume single ionisation

1
TpA = 10 3 ions
1.6 sec

K
6 x 102 ions/sec

n

1na/sqm = 6 x 1012 ions/sec/sq M

let the size of the atomic spacing on the sample be,a x 10—1OH.

The number of atoms per sq M on the surface will then be 1020/h2.
A particular element will have a sputter yield s, so the

number of atoms removed /sq V/sec

= Sx6x10%2
Therefore the number of monolayers removed/sec

£ 85 28 56 % 10

10°°

12

The number of metres removed per minute of a simple cubic lattice is

36sa> for a Xe* ion flux of 1 BA se,

1017

i.e. number of metres removed /pA minute 265&3
17
10

For a face centred cubic lattice such as copper the nearest

0

neighbour distance is 9 x 10"1° M.

2

number of metres removed /pA minute is 18sa”
17
10

The 400 eV Xenon ions give a flux of approximately 0.5 pA/sq.M
10™

at the sample in the Birmingham spectrometer.
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3

M/pA min = 18sa” x 0.5
1077 10™*
= 95&3
102
Rosenberg and Wehner(7?) have measured sputtering yields for a

number cf elements. Their yield curve for copper sputtered by Xenon
is reproduced in figure 4. This gives a yield of 1.7 atoms/ion at an
ion energy of 40O eV. Assuming the aluminium bronze to be pure

(@]
copper at the surface the lattice spacing a = 3.6 A.

g% 1.7 x £3.6)3
10+"I3

a M/pi min

C.7 x 10'10
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APPENDIX III

Ellipsometry

This technigue has been described in detail elsewhere (8L4)
so & brief review of some of the physiczal principles involved,with
an indication of the theory will be given here.

To understand the operation of the ellipsometer a number of
optical terms and ideas need to be introduced. First, the
components of the electric vector of a light beam undergo different
phase changes when reflected by an absorbing medium. The difference
between these phase changes, & , is 90° at the principal angle of
incidence Ip. Suppose a plane polarised light beam is incident at
the principal angle of incidence with its electric vector at 45° to
the plane of incidence then elliptically polarised light results.
The elliptically polarised light will have one of its axes in the
plane of incidence and will have unequal reflected components which
are /2 out of phase. In the anzlysis of elliptically polarised
light this phase difference is compensated to give plane polarised
light and the plane of vibration of this light is determined with an
enalyser.

Secondly, consider what happens to light in énisotropic mediums,
in which there are two refraction paths 'C' and 'E'. The 'C' path in
these birefrunent materials is the path taken by ordinary waves and
rays. These waves and rays obey the normal laws of optics and the
rays are normal to the waves. Similarly the E path is the path
taken by extra-ordinary waves and rays which do not obey Snell's law
of refraction and the waves and rays are not normal to each other.
In this type of material the 'O' and 'E' waves have different
velocities and the privileged directions are the two directions of

vibration of the incident light which correspond to a single plane
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polarised emurgent beam. Longhurst (A4) has dezlt with the detection
ancd compensation of peolarised light in his book.
It can be shown that the equation of ellipsometry is given by:

13 (P) = tan®y g iA

(S)

I‘..|3

Where r13(P) is the Fresnel coefficient, for the component of light
whose wave vector is parallel to the plane of incidence, as it
travels from medium (1) to medium (3). Similarly r13(5) is for light
with the wave vector perpendicular to the plane of incidence. The
relative amplitude reduction is given by tany and A the
difference in phase changes for the (P) and (S) components. A is a
function of the complex refractive index, the thickness and the angle
of refraction through the Fresnel coefficients.

The experimental arrangement for the compensator method of
ellipsometry is shown in figure (1). Plane polarised light is
produced by the polariser P with the plane of polarisation inclined
at an angle 9 to the plane of incidence. Reflection at the sample
produced an ellipse whole major axis aziminth is ¥ and has
ellipticity & . The quarter wave plate compensator is arranged so
that its privileged directions are parallel to the axes of the
ellipse.

This produces plane polarised light with its aziminth at 8 to
the ellipse major axis. The analysing polaroid is rotated until the
transmission axis is 90° to the plane of polarisation. The
ellipticity is related to the phase difference between the (P) and
(S) components by the following expressions

tan A = tan 208
gin 2%
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but % = hSo since this is the quarter wave rlating setting.
tan A = tan 28
_A = 28

The ellipticity determined from the analyser aziminth. The
aziminth of the compensated light and of the anlyser in the
extinction position is 450 + 8 with respect to the perpendicular
to the plane of incidence. If x is measured experimentally,

x = 45 4+ 5

X+ 45 4 A
2

giving A = 2 x —90°

A4 Longhurst, R.S., "Geometrical and Physical Optics"

(2nd Ed.), Pub. Longman 1967.



The effect of the addition of corrosion inhihitors on the

wear of aluminium bronze on steel in the presence of aviation

‘fuels

W, Poole and J.L. Sullivan, University of Aston.

The absence of saturated hetrocyclic compounds and other
polar impurities in modern hydrotreated aviation kerosenes
can lead to high wear and siezure in jet aircraft pumps. It
was found that the addition of commercially available corrosion
inh;bitors reduces wear and eiiminates seizure, but although
the effects of the additive have been known since the 1960's
the mechanism responsible for protection was not understood.
The purpose of the study was to isolate these mechanisms.,

The additive used in the experiments consisted of 45%
dilinolei¢ acid and 5% phosphate ester in 50% fuel oil base.
This was added to the kerosene at 12 p,p.m, by weight,

The test rig was a 3mm diameter aluminium bronze pin
running on K.E. 180 steel disks of 700 HV. Surface finishes
of the disks varied from 0.1 to 0.6 microns c.l.a. All com-
Ponents were cleaned in an additive free petrol vapour bath
prior to use., Fuel was pumped on to the disk at a constant
rate of 30 ml.minwl and was recirculated and filtered to re-

move debris.

In order to select the boundary lubrication region
Sribek curves were plotted. Using this information samples
were generated for surface investigations and load versus
speed characteristics plotted for kerosene plus additive and
an inert control fluid (isooctane). In order to identify
surface elements present during wear Auger electron spectros-
copy was used. Depth profiles of the elements being measured
using xenon ion bombardment. The thickness of the boundary

film formed was found from ellipsometry.

The Stribek curves and wear v. velocity curves are

shown below
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(b) Fuel plus additive 5 Kg,
disk O.6um c.l.a;

(e) (d) (e) same disk, O.2um
12.5 Kg, 10 Kg and 5 Kg
loads resp.

Fig. 3 is a typical wear rate v, load curve. The transistion
from increasing to decreasing wear rates occurs at the same
value of frictional heating at the surface. This indicates
that the reduction in wear rate is due either to oxidation or

increased surface activity of the additive with heat.
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Typical Auger Spectra are shown in Figs. 4 and 5.

The appearance of P and Cl in the samples for high temperatures,
high surface roughnesses and high loads indicates that the
phosphate ester might have an important role as an e.p.
additive. X-ray analysis of certain wear debris from fuels
indicates the presence of phosphorus compounds so support-

ing the argument,
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Fig., 4. Auger spectra of pin surface Fig. 5. Auger spectra of
run in unworn pins immersed in
(a) Iso octane additive.

(b) Fuel with additive, disk 0.2um c.l.a.

(c) Same,disk O.6um c.l,a.



Figs. 6, 7 and 8 show the calculated depth profiles of the

important elements present on the surface.
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It would appear that the surface consists of a very thin layer
(a few Angstroms thick) of atmospheric contamination, shown by
the initial high concentration of carbon. The carbon peaks
indicate a boundary layer (the dimeric acid) with either
sulphur or sulphur compounds present in or adhering to the
surface. This layer is formed on a copper rich oxide layer.
The ellipsometric measurements show the boundary layer to be
1308 thick, and this corresponds very closely to one
molecular chain length of the dimeric acid. The sulphur
Present on the surface is due to the additive fuel oil

carrier,

This surface, resulting from the addition of the
corrosion inhibitor, is responsible for protection of con-

tacting components in aircraft fuel systems,



The Role of Aluminum Segregation in the Wear of
Aluminum/Bronze-Steel Interfaces Under Conditions of
Boundary Lubrication

W. POOLE and ]. L. SULLIVAN
University of Aston in Birmingham
Birmingham B4 7ET, England

An interest in the wear of steel nonsteel systems, currently in use
in aircraft fuel systems, has led to a study of aluminum bronze
sliding on KE961 steel in the presence of kerosene with, and with-
out, the addition of a commercial boundary lubricant. Experiments
were conducted to determine wear rates with change of load together
with an extensive investigation of the contacting surfaces using
physical technigues such as EPMA, SEM and Auger spectroscopy.

It was found that the additive had an initial pro-wear effect on
the bronze followed by a sharp reduction in wear. The results of the
measurements, and of the surface analysis, indicate that the
mechanism responsible for this wear is due to preferential segrega-
tion of the alwminum to the surface. In the absence of the additive;
aluminum is transferred to the steel and forms a solid solution
which can cause seizure to occur.

INTRODUCTION

Modern jet aircraft require fuels of high thermal stability
(1). This, together with the cost of producing traditional,
chemically treated fuels, resulted in the introduction of

hydrotreated kerosenes (2). While hydrotreating has some -

beneficial effects, it removes many of the polar impurities
present in fuels refined using traditional techniques. This,
in turn, leads to a reduction in the fuels’ lubricating abil-
ity (3). :

Hydrotreated fuels have, it is claimed, produced a
number of problems in fuel systems, but the one of particu-
lar interest to the authors and the subject of this investiga-
tion relates to a piston pump (KEY61 steel pistons running
in cadmium plated Al-Bronze bores. This pump suffered
high wear and, in some cases, seizure when run for pro-
longed periods in this type of fuel (4). The addition of a
commercial corrosion inhibitor (consisting of a dimeric acid
plus phosphate ester) eliminated the problem and previous
work by the authors (5) has indicated the action of the addi-
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tive in producing a surface layer helping to reduce wear
and prevent seizure. Their work with Auger electron spec-
troscopy showed the presence of a surface hydrocarbon
protective layer produced by the additive overlying a cop-
per rich oxide. It was found difficult to detect the presence
of aluminum in the study.

There were two basic aims in the work presented in this
paper. The first was to determine differences in wear
mechanisms in the presence of hydrotreated fuels with and
without additive and, hence, more fully investigate the role
of the additive as a surface protective agent. It is obvious
that the effects of the fuels cannot be studied in isolation
from their interactions with the wearing surfaces; hence,
the second aim was to gain, knowledge of the role of the
surface metallurgical combination in the wear mechanisms.

An understanding of these mechanisms was sought
through the use of surface sensitive techniques such as elec-
tron probe microanalysis (EPMA), scanning and transmis-
sion electron microscopy (SEM and TEM) and Auger elec-
tron spectroscopy (AES) together with extensive X-ray
analysis of wear debris samples taken from different parts
of the wear rate against load curves.

EXPERIMENTAL

Wear Tests

Friction and wear measurements have been made, at
room temperature (20°C), using a pin-on-disk machine for
a system lubricated with hydrotreated aviation kerosene
and a similar fuel with the addition of a commercially avail-
able corrosion inhibitor. The kerosene was filtered through
a 13 percent alumina catalyst to remove polar compounds
formed, or taken up, by the fuel during storage. Addition
of 15 ppm of the corrosion inhibitor was made to a similarly
treated batch of fuel.

The flat-faced, 2-mm and 3-mm diameter, wear pins
were an aluminum bronze of 10-percent aluminum, 4
percent nickel, 4-percent iron with the remainder copper
The disk was a 13-percent chrome steel of 0.2 pm cla sur-
face finish. Tests were carried out, in laboratory aimo
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sphere, for a constant speed of 0.6 m.s™' and ]l‘)illl‘i between =
2.5 and 15 kg inclusive. These operating conditions were
such that boundary lubrication was maintained throughout
the test period.

Details of friction and wear machine, test procedure and
continuous friction and wear monitoring have been given

previously (5).
Debris Analysis

Wear debris has been analyzed using an X-ray powder
technique. Samples were prepared by washing with acetone
and centrifuging before drying and being placed in a thin-

I'I'1|T|: mm,

walled capillary of 0.3-mm diameter. These samples were o
irradiated, for 20 minutes at the center of a 114.6-mm di- _m_?— o
ameter powder camera. The measured “d” values were
compared to powder diffraction [ile values for various ele-

ments and compounds,

Rate
o O
\m

Wear

Surface Analysis ; .

Samples of the pin-and-disk surfaces were analyzed after
wear by using EPMA and AES surface topography was in-
vestigated using SEM and two-stage carbon replicas for
TEM.

The electron probe was operated at a beam energy of
15 keV with 80 uA beam current for an 0.03 micron spot 8

ize. X-ray distribution photographs were obtained for el 10 : : '
size. X-ray distribution photographs were obtained for ele- ° 5 10 15
ments of interest on the surface, the area scanned being 125

icrons)®. Some samples were polished to give : - -
Unicrons) g . g ed Frecea on Fig. 1—Wear rate v load for 3-mm diameter wear pins at 0.6 m.s"'
degree taper before analysis so that the wear surface could (a) Without additive, (b) with additive.

be directly compared 1o the bulk with respect to element e

Load, Kg.

concentration. :

Details of the AES technique and sample preparation
have been given previously (5), so only the important
operating conditions will be given here. The primary beam
energy was 2 keV giving 10 A currentina l-mm diameter
spot at the sample. By selecting a 2-keV beam energy, it was
hoped that the high-energy, aluminum Auger transitions
could be observed without causing too much damage, from
beam effects, to the surface layers. Spectra were obtained at
a pressure better than 107" torr with ion beam etching
being carried out, using 400 eV xenon ions, at 107 torr
Xenon pressure.

mm’ mm,

=¥

RESULTS

Rate,

Figure 1 shows the wear rate against load curves obtained
for the 3-mm diameter wear pins. Curve (a) for the hydro- |
fined fuel shows a steady increase in wear with load. Ad-
dition of the corrosion inhibitor [curve (b)] produced a pro
wear effect over most of the load range but, at 15 kg, the
wear rate was reduced. A definite transition point is ob-
served for this series of tests at about 10 kg.

Similar trends in wear against load were found for the
2-mm diameter wear pins (Fig. 2). For the hydrofined fuel,
wear increases with load until a1 12.5 kg, a seizure occurred. 10-. | | |
The test carried out at 12,5 kg produced a wear rate for a ) 5 10 15
short time (15 minutes) and then seizure occurred between Laad! Kg.

Wear

the pin and disk. The results for the hydrofined fuel Fig. 2—Wear rate v load for 2-mm diameter wear pins st 0.6 m.s-'
[Fig. 2(b)] are similar to the 3-mm diameter pins except (a) Without additive, (b) with additive.



that, at 7.5 kg, a lower than expected wear rate was
recorded. Again, a transition point was observed and no
seizure occurred at 12.5 kg.

Friction behavior was generally variable for both fuels but
the coefficient of friction for hydrofined fuels was normally
higher than that for fuel with addiive (0.12 compared to
0.09). The coefficient of friction remained constant at about
0.12 for hydrofined fuels in most cases but, on some occa-
sions, friction “spikes” were obtained (Fig. 3) when the coef-

" ficient varied between 0.02 and 0.17 and occasionally sei-
zure occurred. The “spikes” lasted for about 40 seconds
with intervals of about 10 to 15 minutes between spikes. At
the start and towards the end of the spike, large variations
in the coefficient indicate the stick-slip that was occurring
during the test. A period of very stable friction can be seen
soon after the friction rises to its maximum. The effect of
the additive was to produce a steady friction value during
wear with no spikes. However, periods of low friction were
still observed and, after about 1.5 hours, wear many tests
produced low friction and wear.

Table 1 shows the results of the X-ray analysis of the wear
debris. The measured “d” spacings are given for each test in
descending order. Results are also given for a reference
sample of aluminum bronze. The hydrofined fuel debris
was very little different to that of the bronze. A “d” spacing
of 2.48 was found but none of the other copper oxide peaks
were present. Consequently, this debris dppears to be
aluminum bronze.

A large number of diffraction lines were found when the

" additive was present in the fuel, some of which were quite
broad (in particular lines at “d” spacings of 2.09 and 2.03).
The indications at 6 kg load is that phosphates are present
along with copper oxide. Aluminum ortho-phosphate and
copper (II) phosphate would seem 10 be the most reason-
able compounds to fit the measured “d” spacings.

At the higher loads (10 kg and 12.5 kg), a change to

I'he Role of Aluminum Segregation in the Wear ol
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Fig. 3—Variation of coefficient of friction with time for a hydrofined
fuel test.

aluminum phosphides occurs. This is particularly true at
12.5 kg load where “d” spacings of 3.11, 1.93 and 1.65 were
found. As with lower load, copper oxide can be identified
and also pure copper lines appear.

The X-ray distributions of aluminum for a pin worn in
the presence of kerosene and additive and in the presence
of hydrofined fuel are shown in Figs. 4(a) and (b), respec-
tively. Unworn bronze gives an aluminum distribution simi-
lar to that obtained with hyd rofined fuel with an X-ray
intensity of about 6400 counts per second in both cases. The
distribution of aluminum when additive is present shows
segregation to be occurring. The apparent intense region
gives a count rate of 2747 counts per second with the de-
pleted region down to 540 counts per second showing the
whole surface is in fact becoming depleted. A similar X-ray
distribution to Fig. 4(a) was obtained for pin which had
been stopped wearing at the maximum coefficient of fric-
tion on one of the “spikes” in a hydrofined fuel test. In this
case, the aluminum count rate was 9560 counts per second,

, for the intense region, and 5200 counts per second for the
- apparently depleted region. This shows aluminum enrich-

TABLE 1—X-RAY ANALYSIS OF WEAR DEBRIS

*d" SpacinGs

Froe AL FUEL Fuer + Appirrive
VALUES BRONZE 6kg 10kg 12.5kg

Aluminum 2.34 2.02 1.22 2.92 2.48 4.05 3.19 4.94
Aluminum Oxide L 255 2.09 1.6 2.52 2.24 3.37 3.04 3.11
Al Ortho-Phosphate 4.08 2.51 3.16 2.33 2.04 3.14 2.49 2.63
Al Phosphate (Berlinite) 3.37 4,28 1.84 | 222 2.02 3.04 2.29 2.48
Aluminum Phosphide 3.14 1.93 1.64 2.09 1.81 2.92 2.10 2.17
Copper 2.09 1.81 1.28 2.03 1.31 2.83 2.02 2.09
Copper Oxide (Cu,0) 2.47 2.14 1.51 1.83 1.28 2.57 1.93 1.93
Copper (11) Phosphate 2.96 280 258 1.28 1.19 248 1.81 1.81
Copper Phosphide 2.01 1.95 249 1.22 2.33 1.52  1.65
Iron 2.03 1.71 1.43 1.17 2.13 1.45 1.31
Nickel 2.03 1.76 1.25 2.08 1.31 1.28

1.75 1.28 1.25

1.6 1.20 1.21

1.51

1.35

1.28

1.19
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Fig. &—Aluminum X-ray distribution (a) for a wear pin from tests with
fuel plus additive, (b) from tests without additive.

ment at the surface when a pin is wearing in the high fric-

tion (on a friction “spike”) state in the presence of hy- -

drofined fuel.

Figures 5(a), (b) and (c) show the copper and aluminum
X-ray distributions over a tapered section of a pin surface
which had been worn in the presence of fuel and additive
for a long period (approximately 2 hours). In this case, the
test had terminated with low friction and wear. The wear
surface is obviously depleted of aluminum, whereas the
taper section (top lefi-hand corner on the photographs),,
shows a normal concentration.

The results of an Auger analysis had previously shown an
oxide layer to be present on the surface of a pin worn in the
presence of fuel and additive (5). The depth profile from
that analysis is reproduced in Fig. 6 so that a direct com-
parison can be made with a similar profile obtained for a
pin worn in hydrofined (uel (Fig. 7). This shows that in the
latter case there is no oxide layer.

Micrographs of aluminum bronze wear pin surfaces are
shown in Figs. 8(a) and (c). Figure 8(a) shows the buildup of

Fig. 5—a) copper X-ray distribution, (b) reflected electron image of
surface analyzed (tapered surface in top left hand corner and
. (c) aluminum X-ray distribution.



The Role of Aluminum Segregation in the
copper rich areas to be occurring (the dark areas on the
micrograph) on a pin surface from tests with fuel. The
largest copper rich area is over 460 microns long and
reaches 80 microns in width. This area also appears to be
quite rough compared (o the surrounding bronze. In con-
trast, no such areas were observed on a pin worn in the
presence of hydrofined fuel [Fig. 8(c)).

A two-stage curhon replica of a wear track formed on the
disk when wearing in the presence of hydrofined fuel with
additive suggests that microcorrosion pitting is occurring.
The pits are between 1 and 2 microns in diameter and small
spherical particles can be seen in them [Fig. 8(b)).

Finally, Fig. 9 shows an energy dispersive analysis of
X-rays obtained from a steel surface having transferred ma-
terial on it. This shows that aluminum is the main element
transferred when wear occurs in the presence of a hydro-
fined fuel. ; .

DISCUSSION

The results for the fuel with additive suggest that a corro-
sion mechanism is responsible for the wear of the bronze
[Fig. 8(b)). Sury and Oswald (6) have shown that the
aluminum content of this type of bronze is preferentally

Cu,

40
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1
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Fig. 6—Auger depth profile for a pin worn in the presence of fuel and

additive.
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Fig. 7—Auger depth profile for a pin worn in the presence of hydro-
fined kerosene.

Wear of Aluminum/Bronze-Steel Interfaces

Fig. B—a) Wear pin surface from a fuel with additive test (b) carbon
replica of wear track surface from a fuel with additive test, (c) bronze
wear pin surface from a hydrofined fuel test.
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Fig. 9—Energy dispersive spectrum of elements present on a steel sur-
face after wear in the presence of hydrofined fuel.

removed in the presence of sodium chloride solutions.
They also found that Cu,O forms the primary oxide and
that a separate oxide of aluminum could not be detected,
even though the latter is often supposed 1o be responsible
for the improved corrosion resistance of copper-aluminum
alloys with respect to pure copper.

Further evidence of selective corrosion of aluminum has
been found by Schussler and Napolitan (7). In this case, an
aluminum-silicon bronze was exposed to an aqueous solu-
tion of hydrofluoric acid.

The present work suggests that similar mechanism is in-

volved, particularly since Cu,O was found in the wear de- *

bris. This implies that the copper rich surfaces (Fig. 5) are
copper oxide. The wear debris analysis has shown that
phosphorusisinvolved in the wear mechanism. Phosphorus
has also been detected on wear surfaces in previous exper-
iments by the authors (5). The origin of the phosphorus
must be the additive which contains an ester of orthophos-
phoric acid. The fact that phosphates were detected at low
loads (6 kg) and phosphides at higher loads (10 and
12.5 kg) suggest that chemical breakdown of the ester is
occurring at the higher loads. It seems reasonable 1o assume
that this breakdown occurs by reaction with free aluminum
at the surface. Chemically, this reaction seems favorable
since the difference in electronegativity (8) between
aluminum and phosphorus is large at a value of 0.6, This is
supported by the fact that aluminum phosphide was found
to be present in the wear debris.

Once aluminum is removed from the surface, the
copper-rich layer is free to be oxidized and the dimer com-
ponent of the additive can adsorb to the surface giving
added protection and resulting in low friction and wear.
This is supported by the observation of a carbon layer on
the oxide surface on the Auger depth profile (Fig. 6).

Absence of the additive permits high friction and wear 1o
occur. This can be attributed direcily to the presence of
aluminum. In particular, aluminum enrichment was found
on a pin which had reached the high friction state on a
fricion spike. Further, aluminum has been found to be

L. SULLIVAN

transferred 1o the steel when lubricated by hydromreated
kerosene (Fig. 9). No oxidation of the surface was observed
for the wear pins in these tests (Fig. 7) and the debris was
aluminum bronze. The correlation hetween  increased
adhesion and excess aluminum a the surface found in
these experiments is consistent with the work of Ferrante
and Buckley (9). In this case, free aluminum comes to the
surface by diffusion, at the hot spots, and goes into solution
with the steel resulting in welding of the asperities. This
hypothesis is supported by the work of Dzhavaga and
Lebedev (10). They investigated the welding properties of
aluminum bronze to carbon steel and found that, on the
steel side of the weld, the concentration of aluminum was as
high as 14-17 percent,

In severe cases, sufficient welding occurs between the
wear surfaces resulting in a seizure, whereas, in other cases,
welding of asperities occurs between the pin and disk result-
ing in fatigue cracking and consequent production of
bronze debris.

The difference in wear rates between the two fuels can
now be explained in terms of the wear mechanisms de-
scribed above. The role of the additive is 1o prevent the
transfer of aluminum 1o the steel by removing it from the
bronze surface through preferential corrosion. Thus this
gives an apparent initial pro-wear effect under laboratory
conditions, but it must be noted that effective protection of
the surfaces is provided by the additive once a sufficiently
thick oxide layer is built up on the surface.

CONCLUSIONS

The use of several physical methods of analysis has en-
abled sufficient information to be obtained on the metal-
lurgical changes occurring, when aluminum bronze wears
against steel in the presence of aviation fuel, 1o propose
wear mechanisms for fuel with and without additive. In the
case of hydrofined fuel being used as the lubricant, cold
welding occurs with the diffusion of aluminum being an
important factor. The presence of a corrosion inhibitor
changes the wear 10 a corrosive mechanism in which
aluminum transfer is prevented by the action of the addi-
tive. The corrosion gives an apparent increase in wear com-
pared to the fatigue cracking in the presence of hydrofined
fuel. At high loads (15 kg on a 3-mm diameter wear pin) an
extreme-pressure effect reduces wear when the additive is
present.
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The Wear of Aluminum-Bronze on Steel m
the Presence of Aviation Fuel

W. POOLE and J. L. SULLIVAN
University of Aston
Gosta Green, Birmingham, England

" A study has been made of the action of a commercially available
corrosion inhibiter added to hydrofined aviation fuels in reducing
the wear of alumuinwn bronze sliding on KE180, 13 percent
chromium steel.

From measurements of friction and wear and an extensive
examination of surfaces using Auger electron spectroscopy, a sur-
Jace model has been proposed which elucidates the mechanism of |
wear protection. !

|
INTRODUCTION I

The absence of saturated hetrocyclic compounds and
other polar impurities in modern hydrotreated aviation
fuels reduces their effect as a lubricant and can lead to high
wear and eventual seizure in aircralt fuel systems (/). The
problem first appeared when Lucas Aerospace piston
pumps (KEY61 steel running in  cadmium plated
aluminium bronze bores) exhibited a much reduced life
when operating on certain luels. 1o was [ound that the addi-
tion of about 12 ppm of a commercially available corrosion
inhibitor cured the problem. It has now been completely
eliminated in the case of the Lucas pump by the use of car-

bon lined bores, but still remains in many fuel systems (2).
For this reason, corrosion inhibitors of the original type are
still added to fuels. The additive used in the experiments to
be described consists of 45 percent of a dimeric acid of the
type:

CH_-‘((.JH,)g——-—Cl{—C{—-CH*——C]-!{CI 17— COOH

CH,(CHy)s—CH CH

(CHy)7 COOH

CH—CH
plus 5 percent of a phosphate ester in kerosene or fuel oil. !
Although the effects of the additive have becn known |
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since the 1960's, the mechanisms responsible for the red uc-l l
tion in wear rates are not understood. The purpose of the
study was, therefore, to take the particular metallurgical
combination (aluminum bronze on 13 percent chromium
KEIS0 steel) and to produce a model o explain the
mechanism  of protection. The pump manufacturers
suggest that the cadmium coat is removed by the wear-in |
process. f

Measurements of wear and friction were made with vari-!
ation in load and speed and these results were correlated |
with those from an extensive physical analysis of the con-|
tacting surtaces using Auger electron spectroscopy (AES),
ellipsometry and X-ray analysis.

The experiments were carried out using commercially
available fuels containing the additive, and for pure 2,24
trimethylpentane (isooctafie) containing -no - polar im-
purities. The study would have benefited from measure-
ments for a pure hydrolined fuel, but since the additive|
package is introduced during, or soon after m:mufaclure.i
no such fuel was availuble at the time of the experiments, '. ;

- Wear Tests

|
EXPERIMENTAL DETAILS : ||

The main aims of the wear tests were:

(1) o measure the wear characteristics of the metals in
combination with different fuels
(2) 1o generate samples for analysis by AES

The wear test rig was a conventional pin-on-disk machine |
shown in Fig. 1. The movable loading arm allowed a
number ol tests to be carried out at various radii on the face
of the KE180 (KEY61 equivalent) steel disk. The disk was
hardened and tempered to a minimum of 700 HV. A sur- |
face finish in the range ol 0.1 to 0.6 microns was produced
by lapping the 100 mm disk with diamond paste and
Kerosene.,

|
T'he Nar faced aluminum bronze pin was 8 mm diameter. |

This size was selected to give reasonable loads for the wear
tests and sufficient area for analysis using ALS,
1 |
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x Fig. 1-—_lele.& wear machine |

It was important to avoid contamination of the test fuel
because small amounts of polar impurities, including water,
could signiticantly improve its lubricating properties. Con-
sequently, the pin, disk, all retaining nuts and washers and
tubing supplying fuel were ceaned with an additivg-free
petrol (Shell SBP2) in a vapor bath. Cleaning was carried
out at 80°C for approximately 30 minutes, Surface compo-
sition of a pin was investigated using AES to determine if the

cleaning had been effective. Fuel was pumped onto the disk |

through a constant head tank at a rate of 30 mLmin™ and
was recirculated. During recirculation it was filtered to re-
move wear debris,

Frictional force was measured using a strain gauge load
cell and wear rate using an inductince transducer and by
measurement of weight loss.

To select the conditions of load and speed for the wear
tests, a curve of friction coefficient vs speed x viscosity/
pressure was obtained by measuring the (victional force for
a given load and fuel at various speeds. Loads and speeds
which gave friction coefficients greater than 0.07 were
selected for the wear tests since this value indicated the
onset of boundary lubrication.

When load and speed had been selected, tests were car-
ried out at room temperature (approximately 22°C) 1o de-
termine wear rate as a function of linear velocity and load
for the two fluids. To reduce error in measurements caused
by misalignment of the disk, the results were only accepted
if the wear track was uniform. The main wear process in-
vestigated was adhesive wear,

The test Nuids used were aviation kerosene with the addi-
tion of a corrosion inhibitor and 2,2 4 trimethylpentane
(isooctane), The wear-in sliding distance was found to be of
the order of 10°m. This was determined from the point at
which the friction fell 1o a steady value of about 0.07 and

the wear rate became a constant. Typically, for a load of !

12.5 kg and speed 0.6 ms™, the run-in wear rate was 3,35 x

107" mm® mm ™, compared with a steady condition of 1.4 x |

10”7 mm® mm=*, for avi.tion fuel on a 0.9 pan cla disk,

Auger Electron Spectroscopy
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In order to identily surface elements present during

wear, the pins were analyzed using Auger eleciron spectro-

\

scopy. The instrumient has been described elsewhere (3).

Difterentiation ol the secondary electron spectrum t‘uul)lcsl
the Auger peaks to be resolved (1). Thus, low atomic
number elements such as carbon, oxygen, sullur and phos-
phorus can be detected.

|
Lhis technique was used because of its ability 1o detect lln:iF
elements ol interest in this wear process and because Auger |
clectron spectroscopy is a low energy technique and C(itl-{
sequently very surlace sensitive. |

Pin sumples were selected from the wear tests carried out |
using cach fluid. Some simples 'were also prepared by im-
mersing unworn pins in the additive at room temperature
(20°C) and 150°C. It was hoped that these samples would |
give an indication of the elements to be expected on the pin
surface due o the additive. Samples of steel worn in the |
presence of the fuel with additive were also analyzed. Sam-
ples were cleaned in the same vapor bath used for the
machine parts for 5 minutes at a lemperature not greater
than 50°C to avoid desorption.

Having mounted the samples, the system ws evacuated o
a pressure of 107" torr and the initial Auger spectra
recorded. The primary beam energy was 2 KeV with a
bea spot of about 1 mm at the sample. These conditions
gave a beam current ol approximately 10 gA. The energy
was scanned over a range of 30 to 1400 eV.

The sample surfaces were depth profiled by bombarding
with 400 €V xenon ions at normal incidence at a pressure of

107" worr. The area sputtered was small compured to the

ion beam so removal should have been uniform over the |

entire area of the pin. Aflter each sputtering, the Auger
spectra was recorded.

Identification of the elements was made using the Hand-
book of Auger Electron Spectroscopy (5). For calibration
purposes, it was assumed that the electron transition encr-
gies for the copper peaks ocgurred in the same place as for
the pure element as given by the handbook. This was
checked by recording the elastic peak at various energies.

It has been shown that the peak-to-peak heights of the
differential Auger signals is a good approximation to the
Auger current (6). After normalization, the peak-to-peak |
heights were used to calculute the relative atomic concentra-
tion of the clements present on the surface.

Film Thickness Measurements

The measurement of thin boundary filins of the order of |
100 A has been attempted using various methods (7).
These techniques involve cither displacement or capaci-
tance measurements where the major problem is calibra-
tion. An alernative method of measuring these filin
thicknesses is by the optical technique of ellipsometry. On
reflection at un optically transparent or absorbing medium,
such as a surface film, amplitude and phuse changes ave |

. = s 5 |
produced in a beam of light. The ellipsometer (8) measures |
these changes. The changes in amplitude and phase are re- !
lated 1o film thickness by the cquation: f

R,

— L= tanYea

I,

where R, and R, are the Fresnel reflection coefficients I
i
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parallel and perpendiculur w the plane of incidence, Wois |

the ratio of the amplitude coellicients
ence in the phase changes on reflection,

and A is the differ- |

In order w establish il the technique could detect small
amounts of the additive, mixtures of 100, 10, 1, ll.],!
0.01 percent concentration by volume were made and filims|
of these formed on silver-plated glass slides. Silver was used!
because it could be easily evaporated onto an optically 1'|;t1|
surface and its optical constunts are well known. [t would Le/
difficult to produce a suitable surfuce of KEYG1 and the
thickness of the adsorbed film should not be greatly ef-

fected by the substrate, A film was formed by inumersing a|
slide into one of the mixtures and withdrawing it at right|
angles o the solution surface. 1t was then gently heated o)
drive off the nonpolar compouents. Changes in A and |
between a clean silyer glass plate and the same plate witl an |
additiye film were measured and the film thickness was cal- |
culated. Samples which had been immersed in the 100 '.uull.[
0.1 percent solutions were heated 10 a temperature of 83°C |
in isopropyl alcoho! and the film thickness measured in !

order to investigate temperature effects.
A L3
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RESULTS AND DISCUSSION }
Figure 2 shows the Stribeck curves for the fuel with addi- |

i

I

.

CO EFFICIENT OF FRICTION

o

o

Y
]

01 1 1 ]
» 0 100 200 300|
VELOCITY X V'?)COSITY.]'
PRESSURE, |

'

. 2—Stribeck curves; (a) Fuel with additive with a disk surface rough-

38 of 0.2 um cla; (b) Fuel with additive with a disk surface rough-

8 of 0.6 um cla; (c) Trimethylpentane with a disk surface roughe-
ness of 0.2 um cla,
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Curve (1) obtained for the 0.9 #m cla supface shows he |

three distinct regions of bound

ary, mixed and (ull fuid

film Inhriuuliun{‘)) but in

0.6 pem el surface the 1

curve (b) obtained with the |

ansitions are not so Pronounced. !uli

the Litter case, the surlace roughness would be expected o

be ot the order of the filn thickness and so a mixed

would persise, In the ¢

tained lor a surface roughuess of 0.2 pm cla and shows that

ne Howd film

regime

ase ol sooctane, curve (c) was ob-

'
action is present, e Viscosity is so low thar |

e 2 . ‘i e . |
the film thickness is not sulficient 1o Keep the metal surfaces

completely separated o
These curves gave

required o operate the wear rig

ditions,

Reasonable agreement was found

an indication of

nd high friction and wear result.
the loads and s]n:t:{lsf
under boundary con-|
wo

between the

methods of measu, ing wear rate. The wear rate measured

by weight loss was higher
surement because no account of wear-in could be made

than that by transducer mea-
for

the lauer, Repeatability was better than 10 percent for both

methods.

Figure 3 shows wear r

ate as a function of velocity for var-

ious loads. The experiments using fuel with additive show aj
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Flg. 3—Wear rate v veloclty curves; (a) Trimethylpentane for a 2 kg load
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and a disk surface roughness of 0.2 um cla; (b) Fuel with additive with i
a disk surface roughness of 0.6 #m cla and 5 kg load; (€), (d), (e) Fuel |
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rface roughness of 0.2 #m cla and 12.5 kg, '
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crease in fluid film thickness. The temperature rise associ-|
ated with increased speed may also increase the activity of
the additive. The onset of full uid film lubrication results
in a sudden drop in the wear rate which then became oo !
low to measure. ‘T'he isooctine shows an increased wear rate |
with increased sliding velocity. Dué 1o the low viscosity of
1sooctane (4 x 107 NSM ~* compared with 10-% NSM~2 {or
the fuel) metal-to-metal contact oceurs producing higher
temperatures thus further reducing the viscosity and in-
creasing the contact. Curves (3a, ¢, d) and (¢) were for
0.2 wm claand (3b) for 0.6 wm cla. Figure 4 is a typical wear
rate versus load curve at a velocity of 0.6 ms™ for 0.2 um
(4b) and 0.6 wm (da) surface roughnesses. Both curves
show an initial increase in wear rate with load up to about
8 kg for the high surlace roughness and 12,5 kg for the low
surface roughness. Frictional heating produced at the sur-
faccf estimated from the frictional force and speed, was
found to be the same at each transition point. Thus, it ap- |
pears that the reduction in wear rate was a heating effect
either due to oxidation of the surface or to increased sur-
face activity of the additive. The system was boundary lu-
bricated over the entire load and speed range.
Figure 5 shows Auger spectra for worn aluminum bronze
pin surfaces. Samples were worn on a 0.2 um cla disk at a
-speed of 0.6 ms™ and loads of 2 kg and 12.5 kg, respec-
tively. The spectra (5a,b) are similur in that the same ele-
ments were present on the surfaces. In the sample run on
the 0.6 pm cla disk with 10 kg load at a speed of 0.6 ms™,
the spectra reveals the presence of phosphorus and
chlorine on the surface (5¢). Since the surface temperatures
(estimated from friction measurements) must be similar to
those of the isooctane samples, but higher than those for
the 0.2 um cla samples, the phosphorus must be preferen-
tially adsorbed at these higher temperatures. The coelfi-
cients of friction were 0.125 for isooctane and the high sur- |
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Fig. &—Woear rate va load for 0.6 ms " velocity and fuel with additive
(&) 0.6 um cla roughness; (b) 0.2 um cla roughness.
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— the fuel indicated that some phosphorous compounds were

utes) for isooctane samples, the samples run in fuel on the
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Flg. 5—Auger spectra of pin surface run in (a) Trimethylpentane; (b) Fuel
with additive and 0.2 um cla surface roughness; (c) Same and 0.6 um
cla surface roughness.

face roughness sumple and 0.075 for the sample obtained
using the 0.2 um cla disk. Itappears that phosphorus might
be important as an exweme pressure additive at high sur-
face temperatures. An X-ray analysis of the wear debris for

present while the isooctane gave only aluminum bronze
wear debris.

The specira for the two unworn pins immersed in the
additive at 20°C and 150°C are shown in Fig. 6. In general,
itis not desirable 1o compare spectra quantitatively since the
magnitude of the peaks may vary. Consequently, these
spectra only indicate the presence of elements (in particular
sulfur, phosphorus, chlorine, and carbon) which may origi-
nate from the additive. The phosphorus must come from
the additive,

To obtain a semi-quantitative comparison between sam-
ples, the calculated reluive atomic concentrations were
plotted versus sputter rate in microamp minutes (1A, min-

low surfuce-roughness disk and for a steel sample are
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Fig. 6—Auger spectra for unworn pins dipped In additive




shown in Figs. 7, 8 and 9. As i guide 1 the relationship of [

the product of sputter current and time (o layer thickness, a |
pure copper layer is removed at o rate of 0.7 A per micro-
amp minute, Ivis ditlicult w calenlute the depth removed |
for complex compounds. This is i point which many au- |
thors fail to appreciate when presenting data caleulated |
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Flg. 7—Depth profile of elements present on a pln worn in the presence i
of trimethylpentane.
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Fig. B—Depth profile of elements present on a pin worn In the presence
of fuel with additive.
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Fig. 8—Depih profile of element present on KE961 steel
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from clemental sputering rates, The ellipsometer mea-
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surentents show an adsorhed Layer thickness for the dimerie
acid of 130 A, This would correspond to a value of 75-
sA.minues in Fig, 8, The sitnple worn in isooctane shows
a relutively clean surface, the fall-off in carbon concentra-
tion is typical of the contaminant curves expected for pure
mineral oil (10), (11) with low quantities of sulfur and oxy-
gen (oxides) present on the surfice. The pin worn in the
luel with additive shows quite a diflerent profile, signilicant |
levels of sulfui are present due o the additive carrier, and a
carbon peak vecurs in all similar samples examined at about
75 pA. minutes. At 200 pA. minutes, oxygen reaches a
peak indicating the presence of an oxide (ilm beneath the
houndary layer. No phosphorus profile could be obtained,
The curves for the steel surface indicate a similar surface
layer with the carbon peak present. Ellipsometer measure-
ments showed the thickness of the boundary layer to be
130 A and that the films desorbed at about 8(°C.

It would appear, therefore, that the su rface consists of a
very thin layer (no more than a few Angstroms thick) of
surface contamination shown by the initially high concen-
tration of carbon. The carbon peaks indicate a boundary
layer, with sulfur or sulfur compounds present either in or
adhering to its surfuce. The layer is formed on a meral
oxide substrate in a manner similar to that proposed by
Allen and Drauglis (12). This boundary layer of long chain
carbon molecules (dimeric acid) was about 130 A. This
thickness, measured using the ellipsometer, for the film
formed on silver, corresponds to the calculated value ofone
molecular chain length of the acid and, therelore, should
not be different from that formed on aluminum bronze,
The effectof pressure on the filim at the contacting surfaces
will be negligible (/3). No aluminum could be detected.
This indicates a copper-rich oxide, The high levels of iron
present are probably a result of wansfer from the disk sur-
face. Thus, the surface model is as shown in Fig. 10, The
steel surface has a similar structure with the boundary layer
on an iron oxide substrate. )

The evidence further suggests that at the highest tem-
peratures (above 8(°C) when the dimeric acid desorbs from
the surface, the phosphate ester present in the additive acts
as an extreme-pressure lubricant protecting the surfaces
when metal to metal contact occurs.

CONTAMINATION.
BOUNDARY FILM

METAL OXIDE.

- e

R A Fig. 10—~Conjected surface
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CONCLUSION S L ST

For isooctane containing no polar impurities, the surfaces
examined by Auger specttoscopy were found 1o be rela-|
tively clean, No boundary layer was found exist and u:r_v}
little oxide,

With the aviation fuel witl corrosion inhibitor, a buund~|
ary layer of long chain hydrocarbon molecules exists on the
surface. As the conditions were made more severe by an|
increase in surface roughness, phosphorus or plm.sp}n,n'us,|
compounds appeared on the surface indicating the bl'l.‘i'lk*;
down of the ester giving some extrene-pressure action. |
The ellipsometer measurements showed that the dimeric
acid desorbs at BPC where, the extreme-pressure compo-
nent of the additive might become important. ]

The action of the corrosion inhibitor in reducing wear
wasYound to be primarily due to the adsorption of the di-
meric acid on the metal surface forming a boundary layer,
The oxide film thickness in the presence of the additive was
found 0 be thicker than it was without it. This could be
important in reducing metallic contact and hence wear.
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